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310

i Deposit a plasma resistant ceramic coating onto the surface of the article using an
atomic fayer deposition (ALD) process or a chemical vapor deposition {CVD) process,
. wherein the plasma resistant protective coating has a {polyjcrystaliine single/rauiti
‘phase rare-earth oxide layer and a (polyjcrystalline single/multi phase or amorphous
| metal oxide interference layer

‘Perform ALD or CVD to deposit/co-deposit a (polyjcrystalline single/muiti
; phase rare- earth oxide fayer :.

rd-d-l-d-d-d-ﬂ-d-d-J-J-J-d-hﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁHﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁJ-J-d-l-l-d-d-d-d-d-l-d-d-l-J-J-J-d-J-J-l-J-J-d-l-l-d-d-l-d-d-d-ﬂ-d-l-d-d-l-d-J-J-l-J-J-d-l-l-ﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhHhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhﬁﬁhl—ﬂ-hl—d—hl—d—d—l—ﬁd—

Perfarm ALD or CVD to deposit/co-deposit a {polyjerystalline single/ muE’n

phase or amorphous metal oxide interference laver
330

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

. ‘f?.
.""

_-"Additional layers to be added to theé~
S 7 multilayer stack to form the final plasma .
rasistant protective coating?
335 e
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ZONE-CONTROLLED RARE-EARTH OXIDE
ALD AND CVD COATINGS

TECHNICAL FIELD

Embodiments disclosed herein relate, in general, to rare-
carth coatings for articles with an iterruption layer, and 1n
particular to yttrium oxide coatings with one or more
interruption layers for controlling the yttrium oxide grain
growth.

BACKGROUND

Various manufacturing processes expose semiconductor
process chamber components to high temperatures, high
energy plasma, a mixture of corrosive gases, high stress, and
combinations thereof. These extreme conditions may erode
and/or corrode the chamber components, increasing the
chamber components” susceptibility to defects.

Protective coatings used for reducing defects on chamber
components due to harsh processing conditions are typically
deposited on chamber components. Protective coatings may
be deposited by a variety of techniques, including but not
limited to, thermal spray, sputtering, 1on assisted deposition
(IAD), plasma spray, evaporation techniques, atomic layer
deposition, chemical vapor deposition, and so on. Some of
these techniques may generate protective coatings with
abnormally large crystal grains. Abnormally large crystal
grains may increase the protective coating’s surface rough-
ness and provide a pathway for diflusion of chemicals
through possible cracks between the grains or through grain
boundaries.

SUMMARY

In an example embodiment, disclosed herein 1s an article
comprising a plasma resistant protective coating on a surface
of the article. The plasma resistant protective coating may
comprise a stack of alternating layers of crystalline rare-
carth oxide layers and crystalline or amorphous metal oxide
layers. The first layer in the stack of alternating layers may
be a crystalline rare-earth oxide layer. The crystalline rare-
carth oxide layers may have a thickness of about 500-5000
angstroms. In embodiments where the metal oxide layers are
crystalline, each of the metal oxide layers may have an
atomic crystalline phase different from the crystalline phase
of the rare-earth oxide layer and each metal oxide layer may
have a thickness of about 1-500 angstroms. The crystalline
or amorphous metal oxide layers may inhibit grain growth 1n
the crystalline yttrium oxide layers.

In an example embodiment, disclosed herein 1s a method
comprising depositing a plasma resistant protective coating
onto a surface of an article using an atomic layer deposition
(ALD) process or a chemical vapor deposition (CVD)
process. Depositing the plasma resistant protective coating,
may comprise depositing a crystalline rare-earth oxide layer
using ALD or CVD. Depositing the plasma resistant pro-
tective coating may further comprise depositing a crystalline
or amorphous metal oxide layer on the crystalline rare-earth
oxide layer using ALD or CVD. In embodiments where the
metal oxide layer 1s crystalline, the metal oxide layer may
have an atomic crystalline phase different from the crystal-
line phase of the crystalline rare-earth oxide.

In an example embodiment, disclosed herein 1s a method
comprising depositing a plasma resistant protective coating
onto a surface of an article using an atomic layer deposition
(ALD) process or a chemical vapor deposition (CVD)
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process. Depositing the plasma resistant protective coating
may comprise depositing a stack of alternating layers of
crystalline yttrium oxide layers and crystalline or amorphous
metal oxide layers. Each of the crystalline yttrium oxide
layers may have a cubic phase and a thickness of about
500-35000 angstroms. In embodiments where the metal oxide
layers are crystalline, the metal oxide layers may have an
atomic crystalline phase diflerent from the cubic phase of the
crystalline yttrium oxide and each of the metal oxide layers
may have a thickness of about 1-500 angstroms. The first
layer 1n the stack of alternating layers may be a crystalline
yttrium oxide layer. The crystalline or amorphous metal
oxide layers may inhibit grain growth in the crystalline
yttrium oxide layers.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention are illustrated by
way of example, and not by way of limitation, 1n the figures
of the accompanying drawings i which like references
indicate similar elements. It should be noted that different
references to “an” or “one” embodiment in this disclosure
are not necessarily to the same embodiment, and such
references mean at least one.

FIG. 1A depicts one embodiment of an atomic layer
deposition process described herein.

FIG. 1B depicts another embodiment of an atomic layer
deposition process described herein.

FIG. 1C depicts yet another embodiment of an atomic
layer deposition process described herein.

FIG. 2 depicts a chemical vapor deposition technique that
may be used when depositing plasma resistant protective
coating 1n accordance with embodiments.

FIG. 3 depicts diflerent crystal phases of various rare-
carth oxides at different temperatures.

FIGS. 4A and 4B depict Transmission Electron Micros-
copy (TEM) image of various scales (0.2 um scale and 100
nm scale, respectively) of a 600 nm yttrium oxide coating
without any interruption layers.

FIG. 4C depicts a TEM mmage at a 100 nm scale of a
yttrium oxide coating with carbon-rich yttria interruption
layers.

FIGS. 5A, 5B, and 5C depict exemplary plasma resistant
protective coatings 1n accordance with examples 1, 2, and 3
respectively.

FIG. 6 A depicts an X-Ray Diffraction (XRD) profile of a
cubic yttrium oxide having a Powder Diflraction File (PDF)
No. 04-005-4378.

FIG. 6B depicts an XRD profile of a multiphase mixture
of a tetragonal zirconia and monoclinic zircoma as present
in the mterruption layers of example 1.

FIG. 6C depicts a transmission electron microscopy and
energy dispersive spectroscopy (TEM/EDS) line scan of a
multiphase mixture of a tetragonal zirconia and monoclinic
zirconia as present in the mterruption layers of example 1.

FIG. 6D depicts a high Angle Annular Dark Field
(HAADF) Scanning Transmission Electron Microscopy
(STEM) mmage of a multiphase mixture of a tetragonal
zirconia and monoclinic zirconia as present 1n the mnterrup-
tion layers of example 1.

FIG. 7A depicts an XRD profile of a crystalline zirconium
yttrium oxide having a chemical formula Zr, .Y, ;40 o5
and a PDF No. 01-082-1243 as present in the interruption
layers of example 2.
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FIG. 7B depicts a TEM/EDS line scan of a crystalline
single phase zirconium yttrium oxide having a chemical
formula Zr, 1Y, 140, o5 as present 1n the iterruption layers

ol example 2.
FIG. 7C depicts a HAADF STEM i1mage of a crystalline

single phase zirconium yttrium oxide having a chemical
formula Zr, 1Y, 140, o5 as present in the mterruption layers
ol example 2.

FIGS. 7D and 7E depict a TEM 1mage of various scales
(10 nm scale and 0.2 um scale, respectively) of a crystalline
zircontum vitrium oxide having a chemical formula
7Yy 26Yo 140, 05 as present in the interruption layers of
example 2.

FIG. 8A depicts an XRD profile of a multiphase mix of

yttrium zirconium oxide having a chemical formula
/1, .Y, 0,5 and a PDF No. 01-080-4014 and of yttrium
oxide with a PDF No. 01-084-3893 as present in the
interruption layers of example 3.

FIG. 8B depicts a TEM/EDS line scan of a multiphase
mix of vttrium zirconium oxide having a chemical formula

71y .Y, 0,5 and a PDF No. 01-080-4014 and of yttrium
oxide with a PDF No. 01-084-3893 as present in the
interruption layers of example 3.

FIG. 8C depicts a HAADF STEM 1mage of a multiphase
mix of vttrium zirconium oxide having a chemical formula
/r, .Y, 0O, , and a PDF No. 01-080-4014 and of yttrium
oxide with a PDF No. 01-084-3893 as present in the
interruption layers of example 3.

FIG. 8D depicts a 0.2 um scale TEM 1mage of a multi-
phase mix of yttrium zircontum oxide having a chemical
formula Zr, ,Y, O, - and a PDF No. 01-080-4014 and of
yttrium oxide with a PDF No. 01-084-3893 as present 1n the
interruption layers of example 3.

FIG. 9A depicts an exemplary plasma resistant protective
coating in accordance with example 4.

FIG. 9B depicts a TEM/EDS line scan of a multiphase
mix of yttrium zirconium oxide having a chemical formula
71y .Y, 0,5 and a PDF No. 01-080-4014 and of yttrium
oxide with a PDF No. 01-084-3893 as present in the
interruption layers of example 4.

FIG. 9C depicts a HAADF STEM 1mage of a multiphase
mix of vttrium zirconium oxide having a chemical formula
/ry .Y, 0O, , and a PDF No. 01-080-4014 and of yttrium
oxide with a PDF No. 01-084-3893 as present in the
interruption layers of example 4.

FIG. 9D depicts a 50 nm scale TEM 1mage of a multi-
phase mix of yttrium zirconium oxide having a chemical
tformula Zr, ,Y, O, , and a PDF No. 01-080-4014 and of
yttrium oxide with a PDF No. 01-084-3893 as present 1n the
interruption layers of example 4.

FIG. 10 depicts an exemplary plasma resistant protective
coating of yttrium oxide and gadolinium oxide in accor-
dance with example 3.

FIG. 11 illustrates a method for creating a plasma resistant
protective coating using atomic layer deposition or chemical
vapor deposition as described herein.

FIG. 12 depicts an exemplary plasma resistant protective
coating 1n accordance with example 6.

FIG. 13 A depicts a top down SEM 1mage of a 1 um yttrnia
coating deposited by ALD without an interruption layer.

FIG. 13B depicts a top down SEM 1mage of a 1um yttrnia
coating with interruption layers in accordance with example
6.

FIG. 14 A depicts a cross sectional TEM 1mage of a 1 um
yttria coating deposited by ALD without an interruption
layer.
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FIG. 14B depicts a cross sectional TEM 1mage of a 1 um
yttria coating with interruption layers in accordance with

example 6.

FIG. 15A depicts a TEM/EDS line scan of the plasma
resistant protective coating of example 6.

FIG. 15B depicts a TEM 1mage of the plasma resistant
protective coating of example 6.

DETAILED DESCRIPTION OF EMBODIMENTS

Embodiments described herein cover articles (e.g., coated
chamber components) and methods where a plasma resistant
protective coating having one or more (poly)crystalline
single phase or multiphase rare-earth oxide layers and one or
more amorphous or (poly)crystalline single phase or multi-
phase terruption layers are deposited on a surface of an
article. In an exemplary embodiment, the one or more
crystalline rare-earth oxide layers may comprise crystalline
yttrium oxide in a cubic phase. Embodiments herein are
described with a crystalline yttrium oxide layer 1n a cubic
phase as an example. It will be appreciated that the layer or
layers between the iterruption layers may include any rare
carth metal oxide or mixtures of rare earth metal oxides (i.e.,
with or without yttrium) that are 1n a (poly)crystalline single
phase or multiphase. For instance, the rare earth metal oxide
layer(s) between the mterruption layers may comprise
yttrium oxide and/or yttrium zirconium oxide.

In an exemplary embodiment, the one or more amorphous
or (poly)crystalline single phase or multiphase interruption
layers may comprise a crystalline or amorphous metal oxide
layer selected from the group consisting of rare-earth metal-
containing oxides, zirconium oxide, aluminum oxide and
mixtures thereof. In embodiments where the one or more
interruption layers are (poly)crystalline single phase or
multiphase, the interruption layers may have an atomic
crystalline phase or a plurality of atomic crystalline phases
that are diflerent from the cubic phase of the crystalline
yttrium oxide. For instance, a (poly)crystalline single phase
or multiphase phase of the interruption layers may be
selected from the group consisting of hexagonal phase,
monoclinic phase, cubic phase (if the rare-earth oxide layer
1s yttrium oxide in the cubic phase, than the interruption
layer may have a lattice structure that 1s difierent from the
lattice structure of the cubic phase of the crystalline yttrium
oxide), hexagonal phase, tetragonal phase, and combinations
thereof.

As used herein, the term “plasma resistant” means resis-
tant to one or more types of plasma as well as resistant to
chemistry and radicals associated with the one or more types
ol plasma.

As used herein, the term “polycrystalline” and “crystal-
line” are used herein interchangeably and may mean a
material that includes many crystalline grains (also referred
to as crystallites) that are randomly oriented with respect to
cach other or have preferred orientation or texture, and
which may have varying sizes. The areas where crystallites
meet are referred to as grain boundaries. A polycrystalline
layer may comprise a single crystal phase or a plurality of
crystal phases (also referred to herein by the term “multi-
phase”). As used herein, 1t 1s understood that reference to a
multiphase layer refers to a crystalline or polycrystalline
layer having multiple crystal phases.

The surface of the article may be a metal material (e.g.,
such as an aluminum (e.g., Al 6061, Al 6063) and stainless
steel) or a ceramic material (e.g., such as alumina (Al,O;)).

The deposition process may be an atomic layer deposition
(ALD) process or a chemical vapor deposition (CVD)
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process. The ALD and CVD processes may be used for
deposition of the one or more crystalline rare-earth oxide
layers and of the one or more amorphous or crystalline metal
oxide interruption layers. Layers that comprise more than
one metal may be deposited through sequential deposition of
precursors or through co-deposition of precursors.

The plasma resistant protective coating may be comprised
of a bi-layer stack or of a plurality of alternating layers stack.
The bi-layer stack or plurality of alternating layers stack
may include one or more layers of crystalline single phase
yttrium oxide (Y ,0O,), €.g., 1n a cubic phase, and one or more
layers of multiphase zirconium oxide layer, e.g., 1n a tetrago-
nal and monoclinic phase. The bi-layer stack or plurality of
alternating layers stack may include one or more layers of
crystalline single phase yttrium oxide (Y,O,), e.g., 1 a
cubic phase, and one or more layers of crystalline single
phase zircontum yttrium oxide layer, e.g., in a tetragonal
phase. The bi-layer stack or plurality of alternating layers
stack may include one or more layers of crystalline single
phase yttrium oxide (Y ,0O;), €.g., in a cubic phase 1n a first
lattice structure, and one or more layers ol multiphase
mixture of zirconium vttrium oxide layer, e.g., 1n a cubic
phase with a second lattice structure, and yttrium oxide, e.g.,
in a cubic phase with a third lattice structure. The second and
the third lattice structures being different from the first lattice
structure.

The thickness of each interruption layer 1in the multi-layer
plasma resistant protective coating may range from about 1
angstroms to about 500 angstroms. The thickness of each
rare-carth oxide layer in the multi-layer plasma resistant
protective coating may range from about 500 angstroms to
about 10,000 angstroms. In some embodiments, the thick-
ness of each rare-ecarth oxide layer 1n the multi-layer plasma
resistant protective coating may range from about 500
angstroms to about 5000 angstroms. In embodiments, multi-
layer plasma resistant protective coating may have a thick-
ness of about 1 um- to about 10 um, or about 1 um to about
5 um. The plasma resistant protective coating may coat or
cover the surfaces of features in the article having high
aspect ratios, e.g., of about 10:1 to about 300:1. The plasma
resistant protective coating may also conformally cover such
features with a substantially uniform thickness. In one
embodiment, the plasma resistant protective coating has a
conformal coverage of the underlying surface that 1s coated
(including coated surface features) with a uniform thickness
having a thickness variation from one part of the coating to
another of less than about +/-20%, a thickness variation of
+/—10%, a thickness variation of +/-5%., or a lower thick-
ness variation. The plasma resistant protective coating 1s
also very dense with a porosity of about 0% (e.g., the plasma
resistant protective coating may be porosity-iree in embodi-
ments).

ALD allows for a controlled self-limiting deposition of
material through chemical reactions with the surface of the
article. Aside from being a conformal process, ALD 1s also
a uniform process. All exposed sides of the article, including
high aspect ratio features (e.g., about 10:1 to about 300:1)
will have the same or approximately the same amount of
material deposited. A typical reaction cycle of an ALD
process starts with a precursor (1.¢., a single chemical A)
flooded into an ALD chamber and adsorbed onto the surface
of the article. The excess precursor 1s then flushed out of the
ALD chamber before a reactant (i.e., a single chemical R) 1s
introduced into the ALD chamber and subsequently flushed
out. The metal oxide interruption layer may, however, be
formed by co-deposition of materials. To achieve this, a
mixture ol two precursors, such as a first metal-containing,
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oxide precursor (A) and a second metal-containing oxide
precursor (B), may be co-injected (A, B,) at any number of

ratios, for example, A90+B10, A70+B30, A50+B50, A30+
B70, A10+A90 and so on, into the chamber and adsorbed on
the surface of the article. In these examples, x and y are
expressed 1in molar ratios (mol %) for Ax+By. For example
A90+B10 1s 90 mol % of A and 10 mol % of B. Alterna-
tively, the two precursors may be injected sequentially
(without mjecting a reactant in between). Excess precursors
are flushed out. A reactant i1s introduced into the ALD
chamber and reacts with the adsorbed precursors to form a
solid layer before the excess chemicals are flushed out. For
ALD, the final thickness of material 1s dependent on the
number of reaction cycles that are run, because each reaction
cycle will grow a layer of a certain thickness that may be one
atomic layer or a fraction of an atomic layer.

CVD allows for deposition of a highly dense, pure, and
uniform coating with good reproducibility and adhesion at
high deposition rates. A typical reaction cycle of CVD may
comprise: generating precursors from a starting matenal,
transporting the precursors into a reaction chamber, absorb-
ing the precursors onto a heated article, chemically reacting
the precursor with the surface of the article to be coated to
form a deposit and a gaseous by-product, and removing the
gaseous by-product and unreacted gaseous precursors from
the reaction chamber. The metal oxide interruption layer
may, however, be formed by co-deposition of materials. To
achieve this, a mixture of two precursors, such as a first
metal-containing oxide precursor (A) and a second metal-
containing oxide precursor (B), may be co-injected (A B,) at
any number of ratios, similarly to the ALD technique, into
the chamber and deposited on the surface of the article.

Unlike other techmiques typically used to deposit coatings
on components having high aspect ratio features, such as
plasma spray coating and 10n assisted deposition, the ALD
and CVD techniques can deposit a layer of material within
such features (1.e., on the surfaces of the features). Addi-
tionally, the ALD and CVD techniques produce relatively
thin (e.g., 10 um or less) coatings that are porosity-iree (1.e.,
pin-hole free), which may eliminate crack formation during
deposition. The term “porosity-iree” as used herein means
absence of any pores, pin-holes, voids, or cracks along the
whole depth of the coating as measured by transmission
clectron microscopy (TEM). The TEM may be performed
using a 100 nm thick TEM lamella prepared by focused 10on
beam milling, with the TEM operated at 200 kV 1n bright-
field, dark-field, and high-resolution mode. In contrast, with
conventional e-beam IAD or plasma spray techniques,
cracks form upon deposition even at thicknesses of 5 or 10
um and the porosity may be 1-3% or even higher.

Plasma resistant protective coatings may be deposited on
a variety of articles. In some embodiments, process chamber
components, such as an electrostatic chuck, a nozzle, a gas
distribution plate, a showerhead, an electrostatic chuck
component, a chamber wall, a liner, a liner kit, a gas line, a
lid, a chamber lid, a nozzle, a single ring, a processing kit
ring, a base, a shield, a plasma screen, a flow equalizer, a
cooling base, a chamber viewport, a bellow, a faceplate,
selectivity modulating device, plasma generation units (e.g.,
radiofrequency electrodes with housings), and diflusers,
would benefit from having these plasma resistant protective
coatings to protect the components 1n harsh environments
with corrosive plasmas. Many of these chamber components
have high aspect ratios that range from about 10:1 to about
300:1 and other complex shapes which makes them diflicult
to coat well using conventional deposition methods.
Embodiments described herein enable high aspect ratio
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articles such as the aforementioned process chamber com-
ponents to be coated with plasma resistant protective coat-
ings that protect the articles.

Examples of processing gases that may be used to process
substrates in the processing chamber include halogen-con-
taining gases, such as C,F., SF., SiCl,, HBr, NF,, CF_,
CHF,, CH,F,, F, NF,, Cl,, CCl,, BCl, and SiF,, among
others, and other gases such as O,, or N,O. Examples of
carrier gases include N,, He, Ar, and other gases inert to
process gases (e.g., non-reactive gases).

FIG. 1A depicts one embodiment of a deposition process
100 1n accordance with an ALD technique to grow or deposit
a plasma resistant protective coating on an article. FIG. 1B
depicts another embodiment of a deposition process 102 1n
accordance with an ALD technique as described herein. FIG.
1C depicts yet another embodiment of a deposition process
104 in accordance with an ALD deposition technique as
described herein. Various types of ALD processes exist and
the specific type may be selected based on several factors
such as the surface to be coated, the coating material,
chemical interaction between the surface and the coating
material, etc. The general principle for the various ALD
processes comprises growing a thin film layer by repeatedly
exposing the surface to be coated to pulses of gaseous
chemical precursors that chemically react with the surface
one at a time 1n a self-limiting manner.

FIGS. 1A-1C illustrate an article 110 having a surface.
Article 110 may represent various process chamber compo-
nents (e.g., semiconductor process chamber components)
including but not limited to an electrostatic chuck, a nozzle,
a gas distribution plate, a showerhead, an electrostatic chuck
component, a chamber wall, a liner, a liner kit, a gas line, a
lid, a chamber lid, a nozzle, a single ring, a processing kit
ring, a base, a shield, a plasma screen, a flow equalizer, a
cooling base, a chamber viewport, a bellow, a faceplate,
selectivity modulating device, and so on. The article 110
(and article 230 1n FIG. 2) may be made from a metal (such
as aluminum, stainless steel), a ceramic (such as Y,Os;,
Al,O;, Y, ALLO,, (YAG), and so forth), a metal-ceramic
composite, a polymer, a polymer ceramic composite, mylar,
polyester, or other suitable materials, and may further com-
prise materials such as AIN, S1, S1C, Al,O,, S10.,, and so on.

For ALD, either adsorption of a precursor onto a surface
or a reaction of a reactant with the adsorbed precursor may
be referred to as a “half-reaction.” During a first half
reaction, a precursor 1s pulsed onto the surface of the article
110 (or onto a layer formed on the article 110) for a period
of time suflicient to allow the precursor to fully adsorb onto
the surface. The adsorption 1s self-limiting as the precursor
will adsorb onto a finite number of available sites on the
surface, forming a uniform continuous adsorption layer on
the surface. Any sites that have already adsorbed a precursor
will become unavailable for further adsorption with the
same precursor unless and/or until the adsorbed sites are
subjected to a treatment that will form new available sites on
the uniform continuous coating. Exemplary treatments may
be plasma treatment, treatment by exposing the uniform
continuous adsorption layer to radicals, or introduction of a
different precursor able to react with the most recent uniform
continuous layer adsorbed to the surface.

In some embodiments, two or more precursors are
injected together and adsorbed onto the surface of an article.
The excess precursors are pumped out until an oxygen-
containing reactant 1s injected to react with the adsorbents to
form a single metal oxide layer or a multi-metal oxide layer
(e.g., of YAG, a phase of Y, O,—7r0,, and so on). This
fresh layer 1s ready to adsorb the precursors in the next cycle.
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In FIG. 1A, article 110 may be mtroduced to a first
precursor 160 for a first duration until a surface of article 110
1s fully adsorbed with the first precursor 160 to form an
adsorption layer 114. Subsequently, article 110 may be
introduced to a first reactant 165 to react with the adsorption
layer 114 to grow a rare-carth oxide layer 116 (e.g., so that
the rare-earth oxide layer 116 1s fully grown or deposited,
where the terms grown and deposited may be used inter-
changeably herein). The first precursor 160 may be a pre-
cursor for yttrium or another metal, for example. The first
reactant 165 may be oxygen, water vapor, ozone, pure
oxygen, oxygen radicals, or another oxygen source if the
rare-earth layer 116 1s an oxide. Accordingly, ALD may be
used to form the rare-earth oxide layer 116.

In an example where the rare-earth oxide layer 116 1s a
yttria (Y,O,) rare-earth oxide layer, article 110 (e.g., an
Al6061 substrate with or without an Alumina bufler layer)
may be itroduced to a first precursor 160 (e.g., tris(meth-
ylcyclopentadienyl) yttrium) for a first duration until all the
reactive sites on the surface are consumed. The remainming
first precursor 160 1s tlushed away and then a first reactant
165 of H,O 1s injected into the reactor to start the second half
cycle. A rare-earth oxide layer 116 of Y,O, 1s formed after
H,O molecules react with the Y containing adsorption layer
created by the first half reaction.

Rare-earth oxide layer 116 may be uniform, continuous
and conformal. The rare-earth oxide layer 116 may be
porosity Iree (e.g., have a porosity of 0) or have an approxi-
mately 0 porosity in embodiments (e.g., a porosity of 0% to
0.01%). Layer 116 may have a thickness of less than one
atomic layer to a few atoms 1n some embodiments after a
single ALD deposition cycle. Some metalorganic precursor
molecules are large.

Multiple full ALD deposition cycles may be implemented
to deposit a thicker rare-earth oxide layer 116, with each full
cycle (e.g., mcluding introducing precursor 160, flushing,
introducing reactant 165, and again flushing) adding to the
thickness by an additional fraction of an atom to a few
atoms. As shown, up to n full cycles may be performed to
grow the rare-ecarth oxide layer 116, where n 1s an integer
value greater than 1. In embodiments, rare-earth oxide layer
116 may have a thickness of about 500 angstroms to about
10000 angstroms, about 500 angstroms to about —-5000
angstroms, about 1000 angstroms to about 5000 angstroms,
or about 1500 angstroms to about 2500 angstroms.

Since ALD 1s used for the deposition, the internal surfaces
of high aspect ratio features such as gas delivery holes 1n a
showerhead or a gas delivery line may be coated, and thus
an entirety ol a component may be protected from exposure
to a corrosive environment.

Layer 116 may be Y ,O,, such as crystalline Y,O, having
a single cubic phase, in embodiments. In one embodiment,
the yttrium oxide cubic phase may display an X-Ray Dii-
fraction profile that corresponds to a Powder Dispersion File
No. 04-005-4378.

It should be understood that in some embodiments, layer
116 may comprise more than one rare-carth metal. Depos-
iting a multi-elemental rare earth oxide layer via ALD may
occur through sequential deposition as described regarding
the metal oxide layer mm FIG. 1B or co-deposition as
described 1n more detail 1n FIG. 1C.

Subsequently, article 110 having layer 116 may be intro-
duced to an additional precursor(s) 170 for a second duration
until a surface of rare-carth oxide layer 118 1s fully adsorbed
with the additional precursor(s) 170 to form an adsorption
layer 118. Subsequently, article 110 may be introduced to a
reactant 1735 to react with adsorption layer 118 to grow an
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amorphous or a crystalline single phase or multiphase metal
oxide layer 120, also referred to as the interruption layer 120
for simplicity (e.g., so that the iterruption layer 120 1s fully
grown or deposited). Accordingly, the interruption layer 120
1s fully grown or deposited over rare-earth oxide layer 116
using ALD. In an example, precursor 170 may be a zirco-
nium containing precursor (e.g., tris(dimethylamino)cyclo-
pentadienyl zircontum) used in the first half cycle, and
reactant 175 may be ozone used 1n the second half cycle.

The interruption layer 120 forms the amorphous or crys-
talline single phase or multiphase metal oxide layer, which
may be uniform, continuous and conformal. The second
layer 120 may have a very low porosity of less than 1% 1n
embodiments, and less than 0.1% in further embodiments,
and about 0% 1n embodiments or porosity-iree 1n still further
embodiments. Second layer 120 may have a thickness of less
than an atom to a few atoms (e.g., 2-3 atoms) after a single
tull ALD deposition cycle. Multiple ALD deposition stages
may be implemented to deposit a thicker interruption layer
120, with each stage adding to the thickness by an additional
fraction of an atom to a few atoms. As shown, the full
deposition cycle may be repeated m times to cause the
interruption layer 120 to have a target thickness, where m 1s
an integer value greater than 1. In embodiments, interruption
layer 120 may have a thickness of about 1 angstroms to
about 500 angstroms, about 2 angstroms to about 200
angstroms, or about 3 angstroms to about 50 angstroms.

A ratio of the rare-earth oxide layer thickness to the
interruption layer thickness may be about 5000:1 to about
1:1 or about 2500:1. In some embodiments, the ratio of
rare-carth oxide thickness to the interruption layer thickness
may be about 500:1 to about 1:1. In yet other embodiments,
the ratio of rare-carth oxide thickness to the interruption
layer thickness may be about 2500:8, about 2500:12, or
about 2500:16. The ratio of rare-carth oxide layer to the
interruption layer may be such that the protective coating
provides improved corrosion and erosion resistance as well
as 1mproved resistance to cracking and/or delamination
caused by chamber processing. The thickness ratio may be
selected 1n accordance with specific chamber applications.

As shown 1n FIGS. 4A and 4B, yttrum oxide layer
deposited without an interruption layer result 1n uncontrol-
lable and abnormally large grain growth. For instance,
abnormally large yttrium oxide grains shown in FIGS. 4A
and 4B may have a height of about 100 nm and a width of
about 200 nm. These abnormally large grains lead to higher
surface roughness and make the coating more prone to
defect. This phenomenon 1s apparent with a yttrium oxide
coating of 600 nm thickness and will become even more
pronounced with a yttrium oxide coating of greater thickness
(see for examples FI1G. 14A for grains 1n a 1 um thick yttria
coating without interruption layers). Furthermore, the lack
of interruption layers provides chemicals a direct pathway to
diffuse through cracks and spaces between large grains and
reach the interface between the coating and the article,
potentially harming the coated article.

FIG. 4C 1llustrates interruption layers between layers of
yttrium oxide (1.e., after every layer of yttrium oxide with a
thickness of 250 nm a carbon-rich yttrium oxide interruption
layer was deposited). Indeed, the yttrium oxide grain growth
1s more conftrolled and so are the surface boundaries and
surface roughness. None of the grains in FIG. 4C exceed 100
nm 1n length of 200 nm 1n width. Furthermore, there i1s no
direct pathway from the corrosive chamber environment all
the way through the coating to the interface between the
coating and the article. However, the high carbon content 1n
the interruption layer, makes the layer relatively weak. As a
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result, during processing, upon the exertion of the compres-
sive stress on the protective coating, the top vttrium oxide
layer buckles up and begins to laminate, as depicted 1n FIG.
4C. Such delamination generates particles and aflects the
lifetime of the coated article, the lifetime of the coating, and
waler processing. Compressive stress 1s exerted aiter fluo-
rination, when the crystalline lattice of the protective coating
begins to expand.

If the interruption layer was stronger than the carbon
interruption layers, the yttrium oxide layers and interruption
layers would remain connected and would not buckle up. A
stronger interruption layer 1s believed to be one that has a
similar composition to the yttrium oxide layer but a dissimi-
lar atomic crystalline phase that would inhibit uncontrollable
grain growth. Thus, the decision as to the type of metal oxide
layer selected for the interruption layer, the type of rare-earth
oxide layer selected, and their corresponding thicknesses,
should account for the need to control grain growth of the
rare earth oxide, while also ensuring a sufliciently strong
bond between the rare earth oxide layer and the interruption
layer so as to prevent delamination and particle generation.

Interruption layer 120 may be any of the aforementioned
rare-carth metal-containing oxide layers as well as zirco-
nium oxide, aluminum oxide and maixtures thereof. For
example, the interruption layer 120 may be ZrQO,, alone or
in combination with one or more other rare earth metal
oxides. In some embodiments, iterruption layer 120 1s a
crystalline single phase or multiphase material having one or
more atomic crystalline phases formed from a single metal
oxide or a mixture of at least two metal oxide precursors that
have been sequentially deposited or co-deposited by ALD.
For example, interruption layer 120 may be one of La,O;,
Pr,O,, Nd,O,, Sm,0O,, Eu,0,, Gd,0,, Tb,0,, Dy,O,,
Ho,O,, Er,0O;, Tm,0O;, Yb,0O,, ZrO,, and combinations
thereol (as depicted 1n FIG. 3). In certain embodiments, the
interruption layer may be amorphous. In embodiments when
the mterruption layer 1s crystalline, the one or more crys-
talline atomic phases of the interruption layer may be
different from the one or more crystalline atomic phase of
the rare-earth oxide layer. In embodiments when at least one
of the crystalline atomic phases of the interruption layer 1s
the same as the at least one crystalline atomic phase of the
rare-earth oxide layer, the lattice structure of the similar
crystalline atomic phases may differ. For instance, the
atomic crystalline phase(s) may be selected from the group
consisting of hexagonal, tetragonal, cubic, monoclinic, and
combinations thereof.

In some embodiments, first layer 116 and second layer
120 may, independently, include a material such as Y ,O, and
Y,O; based ceramics, Y, Al:O,, (YAG), Al,O, (alumina),
Y, AL O (YAM), ErAlO,, GdAIO,, NdAIO,, YAIO,, TiO,
(titamia), ZrO, (zircomia), Y,O, stabilized ZrO, (YSZ),
Er,O, and Er,O; based ceramics, Gd,O, and Gd,0; based
ceramics, Er,Al.O, , (EAG), Gd,Al.O,, (GAG), Nd,O, and
Nd,O; based ceramics, a ceramic compound comprising
Y,O, and YF; (e.g., Y—O—F), a ceramic compound com-
prising Y, Al,O, and a solid-solution of Y,O,—Z7rO,, a
ceramic compound comprising Y,O;, Er,O;, Zr0O,, Gd,0,
and S10,, or a combination of any of the above.

The material of first layer 116 and second layer 120 may
also be based on a solid solution formed by any of the
alorementioned ceramics. The material may also be a mul-
tiphase material that includes a solid solution of one or more
ol the aforementioned maternials and one or more additional
phase.

With reference to the solid-solution of Y,O,—Z7r0,, the
material may include Y ,O, at a concentration of 10-90 molar
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ratio (mol %) and ZrO, at a concentration of 10-90 mol %.
In some examples, the solid-solution of Y,0,—Z7r0O, may

include 10-20 mol % YO, and 80-90 mol % ZrO,, may
include 20-30 mol % Y,O; and 70-80 mol % ZrO,, may
include 30-40 mol % YO, and 60-70 mol % ZrO,, may
include 40-50 mol % YO, and 350-60 mol % ZrO,, may
include 60-70 mol % Y,O, and 30-40 mol % ZrO,, may
include 70-80 mol % YO, and 20-30 mol % ZrO,, may
include 80-90 mol % Y,O, and 10-20 mol % ZrO,, and so

on.

With reference to the ceramic compound comprising
Y, AlLLO; and a solid-solution of Y,.O,—7rO,, in one
embodiment the ceramic compound includes 62.93 molar
ratio (mol %) Y,O,, 23.23 mol % ZrO, and 13.94 mol %
Al,O;. In another embodiment, the ceramic compound can
include Y,O, 1n a range of 50-75 mol %, ZrO, 1n a range of
10-30 mol % and Al,O,; 1 a range of 10-30 mol %. In
another embodiment, the ceramic compound can include
Y ,O; 1n a range of 40-100 mol %, ZrO, 1 a range of 0.1-60
mol % and Al,O; 1 a range of 0.1-10 mol %. In another
embodiment, the ceramic compound can include Y,O, 1n a
range ol 40-60 mol %, ZrO, 1n a range of 35-50 mol % and
Al,O, 1n a range of 10-20 mol %. In another embodiment,
the ceramic compound can include Y ,O; 1n a range of 40-50
mol %, ZrO, 1n a range of 20-40 mol % and Al,O, 1n a range
of 20-40 mol %. In another embodiment, the ceramic
compound can include Y,O, i a range of 80-90 mol %,
/710, 1n a range of 0.1-20 mol % and Al,O, 1n a range of
10-20 mol %. In another embodiment, the ceramic com-
pound can include Y,O, 1n a range of 60-80 mol %, ZrO, 1n
a range of 0.1-10 mol % and Al,O; 1n a range of 20-40 mol
%. In another embodiment, the ceramic compound can
include Y, O, 1n a range of 40-60 mol %, ZrO, 1n a range of
0.1-20 mol % and Al,O; 1n a range of 30-40 mol %. In other
embodiments, other distributions may also be used for the
ceramic compound.

In one embodiment, the material includes or consists of a
ceramic compound that includes a combination of Y,O;,
/r0,, Er,0O;, Gd,0; and S10,. In one embodiment, the
ceramic compound can include Y,O, in a range of 40-45
mol %, ZrO, 1 a range of 0-10 mol %, Er203 1n a range of
35-40 mol %, Gd,O, 1n a range of 5-10 mol % and S102 1n
a range of 5-15 mol %. In a first example, the alternative
ceramic compound includes 40 mol % Y .05, 5 mol % ZrO,,
35 mol % Er,0O;, 5 mol % Gd,0, and 15 mol % S10,. In a
second example, the alternative ceramic compound includes
45 mol % Y ,O,, 5 mol % Zr0O,, 35 mol % Er,0,, 10 mol %
Gd,O, and 5 mol % S10,. In a third example, the alternative
ceramic compound includes 40 mol % Y ,O,, 5 mol % ZrO.,
40 mol % FEr,O,, 7 mol % Gd,0; and 8 mol % S10.,.

Any of the aforementioned materials may include trace
amounts of other materials such as ZrO,, Al,O,, S10,,
B,0O,;, Er,0O;, Nd,O,, Nb,O., CeO,, Sm,0O;, Yb,O,, or
other oxides. The materials allow for longer working life-
times due to the plasma resistance of the ceramic materials
and decreased on-wafer or substrate contamination.

With reference to FIG. 1B, in some embodiments, the
plasma resistant protective coating contains more than two
layers. Specifically, the plasma resistant protective coating
may include a stack of alternating layers of the rare-carth
oxide layer and interruption layer.

Referring to FIG. 1B, an article 110 having a rare-earth
oxide layer 116 may be inserted into a deposition chamber.
The rare-earth oxide layer 116 may have been formed as set
torth with reference to FIG. 1A. FIG. 1B 1llustrate an ALD
process with sequential deposition to form a multi-elemental
interruption layer. Article 110 having rare-earth oxide layer
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116 may be introduced to one or more precursors 180 for a
duration until a surface of rare-earth oxide layer 116 1s fully
adsorbed with the one or more additional precursors 180 to
form an adsorption layer 122. Subsequently, article 110 may
be mntroduced to a reactant 182 to react with adsorption layer
122 to grow a solid metal oxide layer 124. Accordingly, the
metal oxide layer 124 1s fully grown or deposited over
rare-carth oxide layer 116 using ALD. In an example,
precursor 180 may be a zirconium containing precursor used
in the first half cycle, and reactant 182 may be H,O used 1n
the second half cycle. The metal oxide layer one of La,O;,
Pr,O;, Nd,O;, Sm,0O;, Eu,0,, Gd,0;, Tb,0O,, Dy,0O;,
Ho,O;, Er,O;, Tm,0O;, Yb,O,;, ZrO,, Al,O; or another
oxide and combinations thereof.

Article 110 having rare-earth oxide layer 116 and metal
oxide layer 124 may be introduced to one or more precursors
184 for a duration until a surface of metal oxide layer 124
1s fully adsorbed with the one or more precursors 184 to
form an adsorption layer 126. Precursor 184 may be difler-
ent from precursor 180. Subsequently, article 110 may be
introduced to a reactant 186 to react with adsorption layer
126 to grow an additional solid metal oxide layer 128.
Accordingly, the additional metal oxide layer 128 1s fully
grown or deposited over the metal oxide layer 124 using
ALD. In an example, precursor 184 may be a yttrium
containing precursor used in the first half cycle, and reactant
186 may be H,O used in the second half cycle. The metal
oxide layer 124 may be one of La,O,, Pr,O,, Nd,O,,
Sm,0;, Eu,0;, Gd,0;, Tb,0;, Dy,O,;, Ho,O;, Er,O;,
Tm,O,, Yb,O,, ZrO,, or another oxide and combinations
thereof.

In some embodiments, the metal oxide layer may be
crystalline and may be selected from the group consisting of:
a composition ranging from a pure crystalline single phase
zirconia 1n at least one of a tetragonal phase or a monoclinic
phase to a crystalline multiphase or a crystalline single phase
yttrium zirconium oxide with an atomic percentage of
zirconium of about 5%, based on the total atoms in the
composition; a mixture of about 65 wt % of zirconium oxide
in a tetragonal phase and about 35 wt % of zirconium oxide
in a monoclinic phase; about 100 wt % multi-elemental
oxide of zirconium yttrium oxide in a tetragonal phase; a
mixture of about 70 wt % of a multi-elemental oxide of
Zirconium yttrium oxide 1n a first cubic phase and about 30
wt % of yttrium oxide 1n a second cubic phase, wherein the
first cubic phase and the second cubic phase have a lattice
structure that 1s different from the lattice structure of the
crystalline yttrium oxide layer; and a mixture of about 30 wt
% of a multi-elemental oxide of zirconium yttrium oxide 1n
the first cubic phase and about 70 wt % of yttrium oxide in
the second cubic phase.

As shown, the deposition of the metal oxide 124 and the
second metal oxide 128 may be repeated x times to form a
stack 137 of alternating layers, where x 1s an integer value
greater than 1. X may represent a finite number of layers
selected based on the targeted thickness and properties. The
stack 137 of alternating layers may be considered as an
interruption layer containing multiple alternating sub-layers.
Accordingly, precursor 180, reactant 182, precursor 184 and
reactant 186 may be repeatedly introduced sequentially to
grow or deposit additional alternating layers 130, 132, 134,
136, and so on. Each of the layers 124, 128, 130, 132, 134,
136, and so on may be very thin layers having a thickness
of less than a single atomic layer to a few atomic layers.

The alternating layers 124-136 described above have a 1:1
ratio, where there 1s a single layer of a first metal oxide for
cach single layer of a second metal oxide. However, in other
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embodiments there may be other ratios such as 2:1, 3:1, 4:1,
and so on between the different types of metal oxide layers.
For example, three ZrO, layers may be deposited for every
Y ,O; layer in an embodiment. Additionally, the stack 137 of
alternating layers 124-136 have been described as an alter-
nating series ol two types of metal oxide layers. However, in
other embodiments more than two types ol metal oxide
layers may be deposited 1n an alternating stack 137. For
example, the stack 137 may include three different alternat-
ing layers (e.g., a first layer of Y,O,, a first layer of Al,O;,
a first layer of ZrO,, a second layer of Y ,O;, a second layer
of Al,O;, a second layer of ZrO,, and so on).

The process of forming multi-layer stack 137 of metal
oxide interruption layer 1s also referred to herein as sequen-
t1al deposition. Such sequential deposition may also be used
tor the rare-earth oxide layer when the rare-earth oxide layer
contains more than one rare-earth.

After the stack 137 of alternating layers has been formed,
an anneal process may be performed to cause the alternating
layers of different materials to diffuse into one another and
form a complex oxide having a single crystalline phase or
multiple crystalline phases. After the annealing process, the
stack of alternating layers 137 may therefore become a
single mterruption layer 138. For example, 1f the layers 1n
the stack are Y,O;, Al,O,, and ZrO,, then the resulting
rare-earth metal-containing oxide layer 138 may a ceramic
compound comprising Y_,Al,O, and a solid-solution of
Y,0,—7r0,.

In some embodiments, the deposition of rare-carth oxide
layer 116 and interruption layer stack 137 (or 138 1if
annealed) may be repeated z number of times to form a final
plasma resistant protective coating. The final plasma resis-
tant protective coating may comprise alternating layers of
rare-carth oxide layers and intermittent metal oxide inter-
ruption layers.

Referring to FIG. 1C, an article 110 having a rare-earth
oxide layer 116 may be inserted into a deposition chamber.
The rare-earth oxide layer 116 may have been formed as set
forth with reference to FIG. 1A. Article 110 having rare-
carth oxide layer 116 may be introduced, in some embodi-
ments, to a plurality of precursors 190A, 190B that may be
co-mjected or sequentially injected for a duration until a
surface of rare-earth oxide layer 116 1s fully adsorbed with
the plurality of precursors 190A, 190B to form a multi-
clemental adsorption layer 140. Subsequently, article 110
may be 1mtroduced to a reactant 192 to react with adsorption
layer 140 to grow a solid multi-elemental metal oxide layer
142. Accordingly, the multi-elemental metal oxide layer 142
1s Tully grown or deposited over rare-earth oxide layer 116
using ALD. The process of introducing the precursors 190 A,
190B and then the reactant 192 may be repeated y times to
cause the multi-elemental metal oxide interruption layer 142
to have a target thickness and ultimately form an amorphous
or a crystalline single phase or multiphase interruption layer.
In FIG. 1C, vy 1s an integer greater than 1.

The process of forming mterruption layer 142 1n FIG. 1C
1s also referred to herein as co-deposition deposition. Such
co-deposition may also be used for the rare-earth oxide layer
when the rare-earth oxide layer contains more than one
rare-earth.

The deposition of the rare-earth oxide layer 116 and
interruption layer 142 may be repeated z times to form a
stack of alternating layers which form the final plasma
resistant protective coating. z may be an integer value
greater than 1. z may represent a finite number of layers
selected based on the targeted thickness and properties of the
final plasma resistant protective coating.
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The final structure shown in FIGS. 1A-1B are a cross
sectional side view of an article 110 coated with a bilayer
plasma resistant protective coating that comprises a crystal-
line rare-earth oxide layer 116 and an amorphous or a
crystalline interruption layer 120 (per FIG. 1A), 137 or 138
(per FIG. 1B). The final structure shown in FIG. 1C 1s a
cross sectional side view of an article 110 coated with a
multilayer plasma resistant protective coating that comprises
a rare-carth oxide layer 116 and amorphous or crystalline
interruption layers 142. The crystalline rare-earth oxide
layer 116 may be yttrium oxide in a cubic phase with a first
lattice structure 1n some embodiments. The crystalline or
amorphous terruption layer 120, 137/138, or 142 may
comprise a rare-earth metal oxide, zirconium oxide, alumi-
num oxide or a mixture thereof. In embodiments where the
interruption layer is crystalline, the interruption may have
one or more crystalline phases that are different from the
crystalline phase of the rare-carth oxide layer 116.

Interruption layers 120, 137/138, or 142 may be, inde-
pendently, selected from the list of matenals enumerated
above.

The crystalline rare-earth oxide layer 116 may have a
thickness of about 500 angstroms to about 5000 angstroms.
In embodiments, the rare-earth oxide layer may have a
thickness of about 1000-35000 angstroms. In further embodi-
ments, the rare-earth oxide layer 116 may have a thickness
of about 1500-2500 angstroms.

The interruption layers 120, 137/138, or 142 may have a
thickness of about 1 angstrom to about 500 angstroms and
may be formed by performing about 1-500 cycles of an ALD
process, where each cycle forms a nanolayer (or slightly less
or more than a nanolayer) of the interruption layer. In
embodiments, the iterruption layer 120, 137/138, or 142
may have a thuickness of about 2 angstroms to about 200
angstroms. In further embodiments, the interruption layer
120, 137/138, or 142 may have a thickness of about 3
angstroms to about 50 angstroms. In one embodiment, each
layer of the interruption layer 1s formed using about 1-10
ALD cycles.

In further embodiments, the plasma resistant protective
coating may have a thickness of about 500 nm to about 5 um.
In further embodiments, the plasma resistant protective
coating may have a thickness of about 1 um to about 5 um,
or about 1 um to about 2 um. The interruption layers 120,
137, 138, or 142 between the rare-carth metal oxide layers
116 may inhibit uncontrollable and abnormally large crystal
growth 1n the rare-earth oxide layers.

In the embodiments described with reference to FIGS.
1A-1C, the surface reactions (e.g., half-reactions) may be
done sequentially, 1.e. where the various precursors and
reactants are not 1n contact. Prior to mtroduction of a new
precursor or reactant, the chamber 1n which the ALD process
takes place may be purged with an inert carrier gas (such as
nitrogen or air) to remove any unreacted precursor and/or
surface-precursor reaction byproducts. The precursors may
be different for each layer. In some embodiments, the surface
reactions may be done through co-deposition, 1.e., where at
least two precursors are used, in some embodiments at least
three precursors are used and 1n yet further embodiments at
least four precursors are used. Prior to the introduction of
one or more reactants, the plurality of precursors may be
co-injected into the ALD chamber. The ALD chamber may
be purged with an inert carrier gas (such as nitrogen or air)
to remove any unreacted precursors and/or surface-precur-
sor reaction byproducts.

ALD processes may be conducted at various temperatures
depending on the type of process. The optimal temperature
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range for a particular ALD process 1s referred to as the
“ALD temperature window.” Temperatures below the ALD
temperature window may result 1n poor growth rates and
non-ALD type deposition. Temperatures above the ALD
temperature window may result in reactions taken place via
a chemical vapor deposition (CVD) mechanism. The ALD
temperature window may range from about 100° C. to about
400° C. In some embodiments, the ALD temperature win-
dow 1s between about 120-300° C.

The ALD process allows for a conformal plasma resistant
protective coating having uniform thickness on articles and
surfaces having complex geometric shapes, holes with high
aspect ratios, and three-dimensional structures. Suflicient
exposure time of each precursor to the surface enables the
precursor to disperse and fully react with the surface in its
entirety, including all of its three-dimensional complex
features. The exposure time utilized to obtain conformal
ALD 1 high aspect ratio structures 1s proportionate to the
square of the aspect ratio and can be predicted using
modeling techniques. Additionally, the ALD technique 1s
advantageous over other commonly used coating techniques
because 1t allows 1n-situ on demand material synthesis of a
particular composition or formulation without the need for a
lengthy and diflicult fabrication of source materials (such as
powder feedstock and sintered targets). In some embodi-
ments ALD 1s used to coat articles aspect ratios of about 10:1
to about 300:1.

With the ALD techniques described herein, multi-com-
ponent films can be grown, deposited or co-deposited, for
example, by proper mixtures of the precursors used to grow
the interruption layer as described above and 1n more detail
in the examples below.

In some embodiments, the plasma resistant protective
coating may be deposited on a surface of an article via CVD.
An exemplary CVD system 1s illustrated in FIG. 2. The
system comprises a chemical vapor precursor supply system
205 and a CVD reactor 210. The role of the vapor precursor
supply system 205 1s to generate vapor precursors 220 from
a starting material 215, which could be 1n a solid, liquid, or
gas form. The vapors may subsequently be transported nto
CVD reactor 210 and get deposited as a plasma resistant
protective coat 225 and/or 245 on the surface of article 230,
in accordance with an embodiment, which may be posi-
tioned on article holder 235.

The plasma resistant protective coating depicted 1n FIG.
2 comprises a bilayer of a crystalline single phase or
multiphase rare-earth oxide layer 2235 and an amorphous or
a crystalline single phase or multiphase metal oxide inter-
ruption layer 245. It 1s understood by one of ordinary skaill
in the art that although only a bilayer 1s exemplified with
respect to the CVD process, a multilayer plasma resistant
protective coating 1s also contemplated herein with respect
to a CVD process. A multilayer plasma resistant protective
coating comprising a stack of alternating layers of a (poly)
crystalline single phase or multiphase rare-earth oxide and
an amorphous or (poly)crystalline single phase or multi-
phase metal oxide interruption layers deposited by CVD are
contemplated 1n certain embodiments herein.

CVD reactor 210 heats article 230 to a deposition tem-
perature using heater 240. In some embodiments, the heater
may heat the CVD reactor’s wall (also known as “hot-wall
reactor’) and the reactor’s wall may transfer heat to the
article. In other embodiments, the article alone may be
heated while maintaining the CVD reactor’s wall cold (also
known as “cold-wall reactor™). It 1s to be understood that the
CVD system configuration should not be construed as
limiting. A variety of equipment could be utilized for a CVD
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system and the equipment 1s chosen to obtain optimum
processing conditions that may give a coating with uniform
thickness, surface morphology, structure, and composition.

The various CVD techniques include the following
phases: (1) generate active gaseous reactant species (also
known as “precursors”) from the starting matenal; (2)
transport the precursors into the reaction chamber (also
referred to as “reactor”); (3) absorb the precursors onto the
heated article; (4) participate 1n a chemical reaction between
the precursor and the article at the gas-solid interface to form
a deposit and a gaseous by-product; and (5) remove the
gaseous by-product and unreacted gaseous precursors from
the reaction chamber.

Suitable CVD precursors may be stable at room tempera-
ture, may have low vaporization temperature, can generate
vapor that 1s stable at low temperature, have suitable depo-
sition rate (low deposition rate for thin film coatings and
high deposition rate for thick film coatings), relatively low
toxicity, be cost eflective, and relatively pure. For some
CVD reactions, such as thermal decomposition reaction
(also known as “pyrolysis™) or a disproportionation reaction,
a chemical precursor alone may suflice to complete the
deposition.

CVD has many advantages including its capability to
deposit highly dense and pure coatings and its ability to
produce uniform films with good reproducibility and adhe-
sion at reasonably high deposition rates. Layers deposited
using CVD 1n embodiments may have a porosity of below
1%, and a porosity of below 0.1% (e.g., around 0%).
Therefore, 1t can be used to uniformly coat complex shaped
components and deposit conformal films with good confor-
mal coverage (e.g., with substantially uniform thickness).
CVD may also be utilized to deposit a film made of a
plurality of components, for example, by feeding a plurality
of chemical precursors at a predetermined ratio to a
mixing chamber and then supplying the mixture to the CVD
reactor system.

The CVD and ALD processes described herein may be
used to form a plasma resistant protective coat that i1s
resistant to erosion and/or corrosion in embodiments.
Plasma resistant protective coat deposited by ALD or CVD
may comprise a stack of alternating layers of crystalline
rare-earth oxide layers and amorphous or crystalline inter-
ruption layers. In one embodiment, the plasma resistant
protective coating may be a bilayer of a crystalline rare-earth
oxide layer and an amorphous or crystalline interruption
layer. When the plasma resistant protective coating com-
prises a stack of alternating layers, the first layer may be a
rare-carth oxide layer. The amorphous or crystalline inter-
ruption layers may inhibit crystal/grain growth in the crys-
talline rare-earth oxide layers such that the grain size in the
rare-carth oxide layer does not exceed the thickness of the
rare-carth oxide layer and 1n some embodiments, so that the
grain size does not exceed 100 nm or 200 nm.

The rare-earth oxide layers may have one or more atomic
crystalline phases. The interruption layers may have one or
more atomic crystalline phases that 1s/are different from the
atomic crystalline phase(s) of the rare-carth oxide layer so as
to inhibit crystal growth of the rare-earth oxide crystals. For
instance, 1 one embodiment, the rare-earth oxide layers
may be yttrium oxide layers in the cubic phase. In one
embodiment, the mterruption layers may be zirconium oxide
layers 1n the tetragonal and monoclinic phases.

When the rare-earth oxide layer or the iterruption layer
contains more than one metal oxide, the materials forming
cach layer may be deposited sequentially or co-deposited (as

described 1in detail for the ALD process through FIGS.
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1A-1C). In some embodiments, layers containing more than
one metal oxide may be subject to post coating heat treat-
ment. In some embodiments, each layer in the plasma
resistant protective coating or the final plasma resistant
protective coat may be subject to post coating processing to
form one or more features therein.

Exemplary yttrium-containing precursors that may be
utilized with the CVD and ALD coating deposition tech-
niques include, but are not limited to, tris(N,N-bis(trimeth-
ylsilyl)amide)yttrium (I1I), yttrium (III)butoxide, tris(cyclo-
pentadienyl)yttrium(Ill), and Y(thd)3 (thd=2,2,6,6-
tetramethyl-3,5-heptanedionato).

Exemplary erbium-containing precursors that may be
utilized with the ALD and CVD coating deposition tech-
niques include, but are not limited to, tris-methylcyclopen-
tadienyl erbium (III) (Er(MeCp),), erbium boranamide (E
(BA)y), Er(TMHD),, erbium(IIl) tris(2,2,6,6-tetramethyl-3,
S-heptanedionate), and tris(butylcyclopentadienyl)erbium
(11I).

Exemplary aluminum-containing precursors that may be
utilized with the ALD and CVD coating deposition tech-
niques 1include, but are not limited to, diethylaluminum
cthoxide, tris(ethylmethylamido)aluminum, aluminum sec-
butoxide, aluminum tribromide, aluminum trichloride, tri-
cthylaluminum, triisobutylaluminum, trimethylaluminum,
and tris(diethylamido) aluminum.

Exemplary zirconium-containing precursors that may be
utilized with the ALD and CVD coating deposition tech-
niques 1include, but are not limited to, zircomum (IV)
bromide, zircommum (IV) chlonde, zircomum (IV) tert-bu-
toxide, tetrakis(diethylamido)zirconium (IV), tetrakis(dim-
cthylamido)zirconium (I1V), and tetrakis(ethylmethylamido)
zircontum (IV).

Exemplary oxygen-containing reactants that may be uti-
lized with the various coating deposition techmiques identi-
fied herein and their equivalent include, but are not limited
to, ozone, water vapor, oxygen, and oxygen radicals.

FIG. 11 illustrates a method 300 for forming a plasma
resistant protective coating comprising a rare-earth oxide
layer and a metal oxide interruption layer on an article such
as a process chamber component according to embodiments.
Method 300 may be used to coat any articles including
articles having aspect ratios of about 3:1 to about 300:1 (e.g.,
aspect ratios of 20:1, 50:1, 100:1, 150:1, and so on). The
method may optionally begin by selecting a composition for
the rare-carth oxide layer and for the metal oxide interrup-
tion layer of the plasma resistant protective coating and by
selecting a thickness for each of these layers. The compo-
sition of the rare-earth oxide layer and the composition of
the metal oxide interruption layer may be selected from any
of the materials contemplated hereinabove. The thickness
selected for the rare-earth oxide layer and for the metal oxide
interruption layer and the ratio among them may also be
selected from any of the thicknesses and ratios contemplated
heremnabove. The composition selection, thickness selection,
and method of forming may be performed by the same entity
or by multiple entities.

At block 310, the article 1s loaded into an ALD ora CVD
deposition chamber. The method comprises depositing a
plasma resistant protective coating onto a surface of the
article using ALD or CVD. In one embodiment, at block 3235
ALD or CVD 1s performed to deposit or co-deposit (for a
multi-elemental layer) a rare-earth oxide layer. The rare-
carth oxide layer may comprise yttrium oxide and have a
cubic crystalline phase 1n one embodiment. In one embodi-
ment, at block 330 ALD or CVD 1s performed to deposit or
co-deposit (for a multi-elemental layer) a metal oxide inter-
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ruption layer. The metal oxide interruption layer may have
an atomic crystalline phase diflerent from the cubic phase of
the crystalline rare-earth oxide layer. The metal oxide inter-
ruption layer may be amorphous.

ALD and CVD are very conformal processes as per-
formed i1n embodiments, which may cause the surface
roughness of the plasma resistant protective coating to
match a surface roughness of an underlying surface of the
article that 1s coated. The plasma resistant protective coating
may have a total thickness of about 500 nm to about 10 um
or about 500 nm to about 5 um in some embodiments. In
other embodiments, the plasma resistant protective coating
may have a thickness of about 500 nm to about 1 um. The
plasma resistant protective coating may have a porosity of
about 0% 1n embodiments, or may be porosity-free 1n
embodiments, and may have a thickness variation across
different sections of the coating of about +/-5% or less,
+/=10% or less, or +/-20% or less.

At block 335, a determination may be made as to whether
additional layers are to be added to the plasma resistant
protective coating (e.g., 1f a multi-layer stack 1s to be
formed). If additional layers are to be added, then the
method may return to blocks 325-330 and an additional
rare-carth oxide layer and metal oxide interruption layer
may be formed via ALD or CVD. Otherwise the plasma
resistant protective coating may be fully formed and the
method may reach 1ts end.

Depending on the composition of the rare-earth oxide
layer, block 325 may comprise one or more cycles of ALD
or CVD to deposit a rare-earth oxide with a target thickness.
The target thickness of the rare-earth oxide layer may range
from 300 angstroms to about 5000 angstroms. In some
embodiment, the rare-earth oxide layer may be a multi-
clemental rare earth oxide layer. A multi-elemental rare earth
oxide layer may be deposited through sequential ALD or
CVD deposition or through co-deposition by co-injecting a
plurality of precursors simultaneously mnto a deposition
chamber. The various ALD techniques are described in more
detail with respect to FIGS. 1A-1C and it 1s understood that
similar mechanisms may be utilized with a CVD process as
well.

Similarly, depending on the composition of the metal
oxide interruption layer, block 330 may comprise one or
more cycles of ALD or CVD to deposit a metal oxide
interruption layers with a target thickness. The target thick-
ness ol a metal oxide interruption layer may range from
about 1 angstrom to about 500 angstroms. In some embodi-
ment, the metal oxide mterruption layer may be a multi-
clemental metal oxide interruption layer. A multi-elemental
metal oxide interruption layer may be deposited through
sequential ALD or CVD deposition or through co-deposition
by co-mnjecting a plurality of precursors simultaneously into
a deposition chamber. The various ALD techniques are
described 1n more detail with respect to FIGS. 1A-1C and 1t
1s understood that similar mechanisms may be utilized with
a CVD process as well.

The resistance of the coating material to plasma 1s mea-
sured through “etch rate” (ER), which may have units of
micron/hour (um/hr), throughout the duration of the coated
components’ operation and exposure to plasma. Measure-
ments may be taken after different processing times. For
example, measurements may be taken before processing,
alter 50 processing hours, after 150 processing hours, after
200 processing hours, and so on. Variations 1n the compo-
sition of the plasma resistant protective coating grown or
deposited on the showerhead or on any other process cham-
ber component may result 1n multiple different plasma
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resistances or erosion rate values. Additionally, a plasma
resistant protective coating with a single composition
exposed to various plasmas could have multiple different
plasma resistances or erosion rate values. For example, a
plasma resistant material may have a first plasma resistance
or erosion rate associated with a first type of plasma and a
second plasma resistance or erosion rate associated with a
second type of plasma. In embodiments, no detectable
erosion occurred after exposure to a 200 W NF, direct
capacitive coupled plasma at 450° C. for 2 hours.

The following examples are set forth to assist in under-
standing the embodiments described herein and should not
be construed as specifically limiting the embodiments
described and claimed herein. Such variations, including the
substitution of all equivalents now known or later devel-
oped, which would be within the purview of those skilled 1n
the art, and changes 1in formulation or minor changes in
experimental design, are to be considered to fall within the
scope ol the embodiments incorporated herein. These
examples may be achieved by performing method 300
described above.

Example 1—Forming a YO, Plasma Resistant
Protective Coating on an Al 6061 Substrate and
Al,O, Buller Layer with Intermittent ZrO,
Interruption Layers

FIG. 5A depicts a plasma resistant protective coating
deposited on an Al,O, bufler layer 520A that 1s deposited on
an aluminum substrate of Al 6061 510A. A rare-earth oxide
layer 530A of crystalline yttrium oxide was deposited on the
aluminum oxide bufler layer using atomic layer deposition.
The deposition of the crystalline vyttrium oxide layer
occurred by 1injecting a yttrium-containing precursor into the
deposition chamber contaiming the article to cause the
yttrium-containing precursor to adsorb onto the surface of
the article to form a first half reaction. Thereafter, an
oxygen-containing reactant may have been injected into the
deposition chamber to form a second half-reaction. This
deposition cycle may have been repeated until the target
thickness was obtained.

Subsequently, an interruption layer 540A of multiphase
crystalline zirconium oxide layer was deposited on the
single phase crystalline yttrium oxide layer using atomic
layer deposition. The deposition of the multiphase crystal-
line zirconium oxide layer occurred by injecting a metal-
containing precursor (€.g., zZirconium-containing precursor)
into the deposition chamber containing the article to cause
the metal-containing precursor (e.g., zirconium-containing,
precursor) to adsorb onto the surface of the article to form
a first half reaction. Therealiter, an oxygen-containing reac-
tant may have been injected 1nto the deposition chamber to
form a second hali-reaction. This deposition cycle may have
been repeated until the target thickness was obtained.

These depositions were repeated for several cycles to
form a stack of alternating layers of single phase crystalline
yttrium oxide layers (530A, 550A, 570A, 590A) and mul-
tiphase crystalline zirconium oxide layers (540A, 560A,
580A).

The first layer 330A 1n the plasma resistant protective
coating was a single phase crystalline yttrium oxide layer.
The crystalline yttrium oxide layers had about 95-100 wt %
cubic phase corresponding to a Powder Diflraction File
(PDF) No. 04-005-4378. The single phase crystalline
yttrium oxide layers demonstrated an X-Ray Difiraction
(XRD) profile as depicted in FIG. 6A.
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The intermittent zirconium oxide layers in the plasma
resistant protective coating were multiphase crystalline with

about 635.1x5 wt % of a tetragonal crystalline phase (also
referred to as Tazheranite) and about 34.9+5 wt % of a
monoclinic crystalline phase (also referred to as Baddeley-

ite). The tetragonal crystalline phase of zirconia corresponds
to a PDF No. 01-070-8758. The monoclinic crystalline

phase of zircomia corresponds to a PDF No. 01-070-8739.
The multiphase crystalline zircommum oxide layers demon-
strated an XRD profile as depicted 1n FIG. 6B.

The thickness of the each of the rare earth oxide layers
(1.., the crystalline yttrium oxide layers) was about 240 nm
to about 260 nm and the thickness of the interruption layers
(1.e., the multiphase crystalline zirconium oxide layers) was
about 0.5 nm to about 1.5 nm.

The zircomum oxide interruption layers in the plasma
resistant protective coating were characterized using inter
alia Transmission Electron Microscopy and Energy Disper-
sive Spectroscopy (TEM/EDS) line scan. For analysis via
TEM/EDS, the interruption layer of multiphase crystalline
zircommum oxide was deposited with a thickness that was
suilicient to generate the atomic distribution of the various
atoms 1n the layer. The line scan 1s depicted in FIG. 6C.
Concentrations of oxygen 605, zircontum 625, and alumi-
num 632 are called out. The composition demonstrated
between 20 nm and 60 nm 1n the line scan corresponds to the
composition of the multiphase crystalline zircommum oxide
interruption layer. FIG. 6C illustrates that the multiphase
crystalline zirconium oxide interruption layer comprises
about 25 atomic % of zirconium and about 75 atomic % of
oxygen.

FIG. 6D depicts a high Angle Annular Dark Field
(HAADF) Scanning Transmission Electron Microscopy
(STEM) mmage of the multiphase crystalline zirconium
oxide interruption layer that was analyzed via TEM/EDS 1n
FIG. 6C. Region 610 depicts Al6061, region 620 depicts the
alumina bufler layer, and region 630 depicts the exemplary
multiphase crystalline zirconium oxide interruption layer
that was analyzed via TEM/EDS 1 FIG. 6C. FIG. 6D also
shows that the multiphase crystalline zirconium oxide layer
deposited by ALD covers the Al6061 and alumina builer

layer conformally and umiformly with low to no porosity.

Example 2—Forming a Y,O, Plasma Resistant Pro-
tective Coating on an Al 6061 Substrate and Al,O,
Buffer Layer with Intermittent Y Zr O, Interruptlon
Layers

FIG. 5B depicts a plasma resistant protective coating
deposited on an Al,O, butler layer 520B that 1s deposited on
an aluminum substrate of Al 6061 510B. A rare-earth oxide
layer 530B of crystalline yttrium oxide was deposited on the
aluminum oxide bufler layer using atomic layer deposition.
Subsequently, an interruption layer 540B of crystalline zir-
conium vttrium oxide layer (e.g., a solid solution of Y,O,—
7r0,) was deposited on the crystalline yttrium oxide layer
using atomic layer deposition. The crystalline yttrium oxide
layer and crystalline zirconium yttrium oxide layer may
have been deposited 1n a manner similar to that described in
Example 1.

Interruption layer 540B was deposited through sequential
atomic layer deposition. Specifically, one cycle of zirconium
oxide was deposited via atomic layer deposition, followed
by one cycle of yttrium oxide deposited via atomic layer
deposition. These two cycles (one cycle of ZrO, and one
cycle of Y,0;) will be together referred to as a supercycle.
Interruption layer 5408 was fully grown after 4 supercycles.
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The depositions of the single phase crystalline yttrium
oxide layer and single phase crystalline zirconium yttrium
oxide interruption layers were repeated for several cycles to
form a stack of alternating layers of crystalline yttrium oxide

layers (3308, 5508, 5708, 5390B) and crystalline zirconium 5
yttrium oxide layers (540B, 5608, 580B).

The first layer 330B 1n the plasma resistant protective
coating was a single phase crystalline yttrium oxide layer.
The single phase crystalline yttrium oxide layers had an
about 95-100 wt % cubic phase corresponding to a Powder
Diffraction File (PDF) No. 04-005-43°/8. The single phase
crystalline yttrium oxide layers demonstrated an X-Ray
Diffraction (XRD) profile as depicted 1in FIG. 6A.

The intermittent zirconium yttrium oxide layers in the
plasma resistant protective coating were single phase crys-
talline with about 95-100 wt % tetragonal crystalline phase. 1°
The tetragonal crystalline phase of zirconium yttrium oxide
corresponds to a PDF No. 01-082-1243. The crystalline
zircontum vitrium oxide layers demonstrated an XRD pro-
file as depicted 1n FIG. 7A. The XRD profile depicted 1n
FIG. 7A and the corresponding PDF No. correlate with 20
71, oY o 140, o5 chemical formula.

The thickness of the each of the rare earth oxide layers
(1.e., the crystalline yttrium oxide layers) was about 240 nm
to about 260 nm and the thickness of the interruption layers
(1.e., the crystalline zirconium vyttrium oxide layers) was 25
about 0.5 nm to about 1.5 nm, or about 0.8 nm.

The zirconium yttrium oxide interruption layers in the
plasma resistant protective coating were characterized using,
inter alia Transmission FElectron Microscopy and Energy
Dispersive Spectroscopy (TEM/EDS) line scan. For analysis 30
via TEM/EDS, the interruption layer of crystalline zirco-
nium yttrium oxide was deposited with a thickness that was
suflicient to generate the atomic distribution of the various
atoms 1n the layer. The line scan 1s depicted in FIG. 7B.
Concentrations of oxygen 703, yttrium 712, zircomum 725, 35
aluminum 732, and iridium 745 are called out. The compo-
sition demonstrated between 40 nm and 90 nm 1n the line
scan corresponds to the composition of the crystalline zir-
conium yttrium oxide interruption layer. FIG. 7B 1llustrates
that the crystalline zircontum yttrium oxide interruption 40
layer comprises about 10-15 atomic % of yttrium, about of
20-25 atomic % of zirconium and about 60-65 atomic % of
oxygen.

FIG. 7C depicts a high Angle Annular Dark Field
(HAADF) Scanming Transmission Electron Microscopy 45
(STEM) mmage of the crystalline zircontum yttrium oxide
interruption layer that was analyzed via TEM/EDS 1n FIG.
7B. Region 710 depicts Al6061, region 720 depicts the
alumina bufler layer, and region 730 depicts the exemplary
multiphase crystalline zirconitum oxide interruption layer 350
that was analyzed via TEM/EDS 1n FIG. 7B. FIG. 7C also
shows that the crystalline zircomum yttrium oxide layer
deposited by ALD covers the Al6061 and alumina builer
layer conformally and uniformly with low to no porosity.

FIGS. 7D and 7E depicts Transmission Electron Micros- 55
copy (TEM) 1images of a crystalline zirconium yttrium oxide
layer and further demonstrate the conformal, uniform, and
porosity Iree coating obtained through atomic layer deposi-
tion.
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an aluminum substrate of Al 6061 510C. A rare-earth oxide
layer 530C of single phase crystalline yttrium oxide was
deposited on the aluminum oxide bufler layer using atomic
layer deposition. Subsequently, an interruption layer 540C
of a mixed multiphase crystalline yttrium zirconium oxide
(e.g., aY,0,—7r0, solid solution) and yttrium oxide layer
was deposited on the single phase crystalline yttrium oxide
layer using atomic layer deposition. The single phase crys-
talline yttrium oxide layer and multiphase crystalline yttrium
zirconium oxide mterruption layer may have been deposited
in a manner similar to that described 1n Example 1.

Interruption layer 540C was deposited through sequential
atomic layer deposition. Specifically, one cycle of zirconium
oxide was deposited via atomic layer deposition, followed
by two cycles of yttrium oxide deposited via atomic layer
deposition. These three cycles (one cycle of ZrO, and two
cycle of Y,O,) will be together referred to 1n this example
as a supercycle. Interruption layer 540C was fully grown
alter 4 supercycles.

The depositions of the single phase crystalline yttrium
oxide layer and multiphase crystalline mix of yttrium zir-
conium oxide and yttrium oxide interruption layers were
repeated for several cycles to form a stack of alternating
layers of single phase crystalline yttrium oxide layers (330C,
550C, 570C, 590C) and multiphase crystalline of yttrium
zirconmium oxide and yttrium oxide (540C, 560C, S80C).

The first layer 530C 1n the plasma resistant protective
coating was a single phase crystalline yttrium oxide layer.
The single phase crystalline yttrium oxide layers had an
about 93-100 wt % cubic phase corresponding to a Powder
Diffraction File (PDF) No. 04-005-43778. The single phase
crystalline vyttrium oxide layers demonstrated an X-Ray
Diffraction (XRD) profile as depicted in FIG. 6A.

The intermittent mix of yttrium zirconium oxide and
yttrium oxide layers in the plasma resistant protective coat-
ing were multiphase crystalline with an about 64-74 wt %,
or about 69.4 wt % cubic crystalline phase (corresponding to
a PDF No. 01-080-4014) and about 25-35 wt %, or about
30.6 wt % cubic yttrium oxide phase (corresponding to a
PDF No. 01-084-3893). The multiphase crystalline interrup-
tion layers demonstrated an XRD profile as depicted 1n FIG.
8A. The XRD profile depicted in FIG. 8A and the corre-
sponding PDF Numbers correlate with about 69.4+5 wt %
/1y .Y, 0O, , chemical formula and about 30.6x5 wt %
Y ,O; chemical formula. Although the phases of the yttrium
zirconmium oxide and yttrium oxide are cubic and the phase
of the yttrium oxide rare-earth oxide layer 1s also cubic, the
lattice structure of the various cubic phases are different.
Thus, the mterruption layer may have the same phase as the
rare-carth oxide layer as long as the lattice structure of the
two crystalline phases vary.

The thickness of the each of the rare earth oxide layers
(1.., the crystalline yttrium oxide layers) was about 240 nm
to about 260 nm and the thickness of the interruption layers
(1.e., the multiphase crystalline mix of yttrium zirconium
oxide and yttrium oxide layers) was about 0.5 nm to about
1.5 nm, or about 1.2 nm.

The interruption layers 1n the plasma resistant protective
coating were characterized using inter alia Transmission
Electron Microscopy and Energy Dispersive Spectroscopy
(TEM/EDS) line scan. For analysis via TEM/EDS, the
interruption layer of multiphase crystalline mix of yttrium
zircommum oxide and yttrium oxide was deposited with a
thickness that was suflicient to generate the atomic distri-
bution of the various atoms in the layer. The line scan 1s
depicted 1n FIG. 8B. Concentrations of oxygen 805, yttrium
812, zirconium 825, aluminum 832, and iridium 845 are
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called out. The composition demonstrated between 30 nm
and 480 nm 1n the line scan corresponds to the composition
of the multiphase crystalline mix of yttrium zirconium oxide
and yttrium oxide 1nterruption layer. FIG. 8B 1llustrates that
the multiphase crystalline mix of yttrium zirconium oxide
and yttrium oxide interruption layer comprises about 13-25
atomic % of yttrium, about of 5-10 atomic % of zirconium
and about 65-75 atomic % of oxygen.

FIG. 8C depicts a high Angle Annular Dark Field
(HAADF) Scanming Transmission Electron Microscopy
(STEM) 1mage of the multiphase crystalline mix of yttrium
zirconium oxide and yttrium oxide interruption layer that
was analyzed via TEM/EDS 1n FIG. 8B. Region 813 depicts
Al6061 and region 8335 depicts the exemplary multiphase
crystalline mix of yttrium zircomum oxide and yttrium oxide
interruption layer that was analyzed via TEM/EDS 1n FIG.
8B. FIG. 8C also shows that the multiphase crystalline mix
of yttrium zirconium oxide and yttrium oxide layer depos-
ited by ALD covers the Al6061 and alumina bufler layer
conformally and uniformly with low to no porosity.

FIG. 8D depicts Transmission Electron Microscopy
(TEM) 1images of a multiphase crystalline mix of yttrium
zirconium oxide and yttrium oxide interruption layer and

turther demonstrates the conformal, umiform, and porosity
free coating obtained through atomic layer deposition.

Example 4—Forming a Y,O, Plasma Resistant Pro-

tective Coating on an Al 6061 Substrate and Al,O,

Buffer Layer with Intermittent Y _Zr O, Interruption
Layers

FIG. 9A depicts a plasma resistant protective coating
deposited on an Al,O; bufler layer 920 that 1s deposited on
an aluminum substrate of Al 6061 910. A rare-earth oxide
layer 930 of single phase crystalline yttrium oxide was
deposited on the aluminum oxide bufler layer using atomic
layer deposition. Subsequently, an interruption layer 940 of
a mixed multiphase crystalline yttrium zircomum oxide and
yttrium oxide layer was deposited on the single phase
crystalline yttrium oxide layer using atomic layer deposi-
tion. The single phase crystalline yttrium oxide layer and
multiphase crystalline yttrium zirconium oxide interruption
layer may have been deposited 1n a manner similar to that
described in Example 1.

Interruption layer 940 was deposited through sequential
atomic layer deposition. Specifically, one cycle of zirconium
oxide was deposited via atomic layer deposition, followed
by three cycles of yttrium oxide deposited via atomic layer
deposition. These four cycles (one cycle of ZrO, and three
cycle of Y,O,) will be together referred to 1n this example
as a supercycle. Interruption layer 940 was fully grown after
4 supercycles.

The depositions of the single phase crystalline yttrium
oxide layer and multiphase crystalline mix of yttrium zir-
conium oxide and yttrium oxide interruption layers were
repeated for several cycles to form a stack of alternating
layers of single phase crystalline yttrium oxide layers (930,
950, 970, 990) and multiphase crystalline mix of yttrium
zircontum oxide and yttrium oxide layers (940, 960, 980).

The first layer 930 1n the plasma resistant protective
coating was a single phase crystalline yttrium oxide layer.
The single phase crystalline yttrium oxide layers had an
about 95-100 wt % cubic phase corresponding to a Powder
Diffraction File (PDF) No. 04-005-43°/8. The single phase
crystalline vyttrium oxide layers demonstrated an X-Ray
Diffraction (XRD) profile as depicted in FIG. 6A.
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The intermittent mix of yttrium zirconium oxide and
yttrium oxide layers in the plasma resistant protective coat-
ing were multiphase crystalline with an about 23-35 wt %,
or about 30.8 wt % cubic crystalline phase (corresponding to
a PDF No. 01-080-4014) and about 64-74 wt %, or about

69.2 wt % cubic yttrium oxide phase (corresponding to a
PDF No. 01-084-3893). The multiphase crystalline interrup-

tion layers demonstrated an XRD profile as depicted in FIG.
8A. The XRD profile depicted 1n FIG. 8A and the corre-
sponding PDF Numbers correlate with about 30.8£5 wt %
71y Y60, -,(.e,x150.6,y15 0.4, and z 1s 1.7) 1s chemaical
formula and about 69.2+5 wt % Y,O; chemical formula.
Although the phases of the yttrium zirconium oxide and
yttrium oxide are cubic and the phase of the vttrium oxide
rare-earth oxide layer 1s also cubic, the lattice structure of
the various cubic phases are different. Thus, the interruption
layer may have the same phase as the rare-earth oxide layer
as long as the lattice structure of the two crystalline phases
vary.

Although x, y, and z in the chemical formula Y Zr O, are
identified 1n this example and in the prior example, their
values should not be construed as limited and the atomic
ratio of yttrium to zircontum can range ifrom 0 (when no
yttrium 1s present) to 9, so long as the resultant crystalline
phase(s) 1s/are different from the crystalline phase(s) of the
rare-earth oxide layer.

The thickness of the each of the rare earth oxide layers
(1.e., the crystalline yttrium oxide layers) was about 240 nm
to about 260 nm and the thickness of the interruption layers
(1.e., the multiphase crystalline mix of yttrium zirconium
oxide and yttrium oxide layers) was about 0.5 nm to about
2.0 nm, or about 1.6 nm.

The interruption layers 1n the plasma resistant protective
coating were characterized using inter alia Transmission
Electron Microscopy and Energy Dispersive Spectroscopy
(TEM/EDS) line scan. For analysis via TEM/EDS, the
interruption layer of multiphase crystalline mix of yttrium
zircommum oxide and yttrium oxide was deposited with a
thickness that was suflicient to generate the atomic distri-
bution of the various atoms in the layer. The line scan 1s
depicted 1n FIG. 9B. Concentration of oxygen 9035, yttrium
912, zirconium 925, aluminum 932, and iridium 945 are
called out. The composition demonstrated between 40 nm
and 85 nm 1n the line scan corresponds to the composition
of the multiphase crystalline mix of yttrium zirconium oxide
and yttrium oxide interruption layer. FIG. 9B illustrates that
the multiphase crystalline mix of yttrium zirconium oxide
and yttrium oxide interruption layer comprises about 3-7
atomic % of zircontum, about of 15-25 atomic % of zirco-
nium and about 65-75 atomic % of oxygen.

FIG. 9C depicts a high Angle Annular Dark Field
(HAADF) Scanning Transmission Electron Microscopy
(STEM) 1mage of the multiphase crystalline mix of yttrium
zircommum oxide and yttrium oxide interruption layer that
was analyzed via TEM/EDS 1n FIG. 9B. Region 915 depicts
Al6061 and region 935 depicts the exemplary multiphase
crystalline mix of yttrium zirconium oxide and yttrium oxide
interruption layer that was analyzed via TEM/EDS 1n FIG.
9B. FIG. 9C also shows that the multiphase crystalline mix
of yttrium zirconium oxide and yttrium oxide layer depos-
ited by ALD covers the Al6061 and alumina bufler layer
conformally and uniformly with low to no porosity.

FIG. 9D depicts Transmission Electron Microscopy
(TEM) mmages of a multiphase crystalline mix of yttrium
zircommum oxide and yttrium oxide interruption layer and
further demonstrates the conformal, uniform, and porosity
free coating obtained through atomic layer deposition.
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Example 5—Forming a YO, Plasma Resistant
Protective Coating on an Al 6061 Substrate and

Al,O, Bufler Layer with Intermittent Gadolinium
Oxide Interruption Layers

FIG. 10 depicts a plasma resistant protective coating
deposited on an Al,O, bufter layer 1020 that 1s deposited on
an aluminum substrate of Al 6061 1010. A rare-earth oxide
layer 1030 of single phase crystalhne yttrium oxide was
deposited on the aluminum oxide bufler layer using atomic
layer deposition. Subsequently, an interruption layer 1040 of
gadolimum oxide was deposited on the single phase crys-
talline vttrium oxide layer using atomic layer deposition.

The depositions of the single phase crystalline yttrium
oxide layer and single/multi-phase crystalline gadolinium
oxide interruption layers were repeated for several cycles to

form a stack of alternating layers of crystalline yttrium oxide

layers (1030, 1050, 1070, 1090) and of crystalline gado-
lintum oxide layers (1040, 1060, 1080).

Similar to the crystalline gadolinium oxide interruption
layers, other amorphous or crystalline rare-earth oxide inter-
ruption layers may be deposited between layers yttrium
oxide. When the interruption layer 1s crystalline, the atomic
crystalline phase(s) of the interruption layer should be
different from the atomic crystalline phase of the yttrium
oxide or at least have a different lattice structure. Dissimilar
crystalline phases or dissimilar lattice structures allow the
interruption layers to inhibit the growth of the yttrium oxide
grains from growing uncontrollably and abnormally large.

Exemplary, non-limiting, crystalline phases associated
with various rare-carth oxides are depicted 1n FIG. 3 (e.g.,
La,O;, Pr,0O;, Nd,O;, Sm,O;, Eu,0,, Gd,0;, Tb,0O,,
Dy,0O,, Ho,O,, Er,O,, Tm,0,, Yb,O,, ZrO,, and combi-
nations thereof). In FIG. 3, where the vy axis represents
temperature and the x axis represents the rare-earth oxide, it
1s possible to i1dentify what crystalline single phase or
multiphase phase a particular rare-earth oxide will exist in
when subjected to a particular temperature. For 1nstance, at
certain ALD temperatures La,O;, Pr,O;, Nd, O, may have a
hexagonal crystalline atomic phase; Sm,O, may have a
hexagonal and/or a monoclinic crystalline phase; Eu,O;,
Gd,O,, Th,O; may exist in a monoclinic crystalline phase;
Dy,O, may exist in a monoclinic and/or cubic crystalline
phase; and Ho,O,, Er,O;, Tm,0O;, Yb,O, may exist in a
cubic crystalline phase. In some embodiments, the crystal-
line metal oxide layer may comprise YAG in the cubic
phase. As shown, region A includes a rare earth oxide type
A structure, which 1s a hexagonal crystal structure. Region
B includes a rare earth oxide type B structure, which 1s a
monoclinic crystal structure. Region C includes a rare earth
oxide type C structure, which 1s a cubic crystal structure.
Region H incudes a rare earth type H structure, which 1s a
hexagonal crystal structure. Region X includes a rare earth
oxide type X structure, which 1s a cubic crystal structure. As
shown, Er203 possesses a cubic structure.

Example 6—Forming a Y,O, Plasma Resistant Pro-

tective Coating on an Al 6061 Substrate and Al,O,

Bufter Layer with Intermittent Y, Zr O, Interruption
Layers

FIG. 12 depicts a plasma resistant protective coating
deposited on an Al,O, buflfer layer 1220 that 1s deposited on
an aluminum substrate of Al 6061 1210. A rare-ecarth oxide
layer 1230 of single phase crystalhne yttrium oxide was
deposited on the aluminum oxide bufler layer using atomic

layer deposition. Subsequently, an interruption layer 1240 of
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yttrium zirconium oxide was deposited on the single phase
crystalline yttrium oxide layer using atomic layer deposi-
tion. The single phase crystalline yttrium oxide layer and
yttrium zirconium oxide interruption layer may have been
deposited 1n a manner similar to that described 1n Example

1.

Interruption layer 1240 was deposited through sequential
atomic layer deposition. Specifically, three cycles of zirco-
nium oxide was deposited via atomic layer deposition,
tollowed by one cycle of yttrium oxide deposited via atomic
layer deposition. These four cycles (three cycles of ZrO, and
one cycle of Y,O,) will be together referred to in this
example as a supercycle. Interruption layer 1240 was fully
grown aiter 4 supercycles.

The depositions of the single phase crystalline yttrium
oxide layer and yttrium zirconium oxide interruption layers
were repeated for several cycles to form a stack of alternat-

ing layers of single phase crystalline yttrium oxide layers
(1230, 1250, 1270, 1290) and yttrium zirconium oxide
(1240, 1260, 1280).

The first layer 1230 in the plasma resistant protective
coating was a single phase crystalline yttrium oxide layer.
The single phase crystalline yttrium oxide layers had an
about 95-100 wt % cubic phase corresponding to a Powder
Diffraction File (PDF) No. 04-005-43°/8. The single phase
crystalline yttrium oxide layers demonstrated an X-Ray
Diffraction (XRD) profile as depicted 1n FIG. 6A.

The thickness of the each of the rare earth oxide layers
(1.., the crystalline yttrium oxide layers) was about 240 nm
to about 260 nm and the thickness of the interruption layers
was about 0.5 nm to about 2.0 nm, or about 1.6 nm.

The interruption layers 1n the plasma resistant protective
coating were characterized using inter alia top down Scan-
ning Flectron Microscopy (SEM) image, TEM 1mage, and
TEM/EDS line scan.

The top down SEM 1mages are depicted in FIG. 13A and
FIG. 13B. FIG. 13A shows a top down SEM 1mage of a 1
um yttria coating deposited by ALD without an interruption
layer. As shown in FIG. 13A, overgrown grains 1305
protrude out of the surface coating. Region 1308 shows a cut
location (e.g., a focused 10n beam (FIB) cut location) for
TEM. FIG. 13B shows a top down SEM image of a 1um
yttria coating with interruption layers 1n accordance with the
instant example. As shown i FIG. 13B, no overgrown
grains protrude from the surface of the coating. Region 1310
shows a cut location (e.g., a focused 10n beam (FIB) cut
location) for TEM.

Cross sectional TEM 1mages are depicted in FIG. 14A and
FIG. 14B. FIG. 14A shows a cross sectional TEM 1mage of
a 1 um vyttria coating deposited by ALD without an 1inter-
ruption layer. FIG. 14A shows a TEM of a sample taken
from cut location 1308. As shown in FIG. 14A, an over-
grown grain 1405 protrudes out of the surface of the coating.
FIG. 14B shows a cross sectional TEM 1mage of a 1um vttria
coating with interruption layers in accordance with the
instant example. FIG. 14B shows a TEM of a sample taken
from cut location 1310. As shown 1n FIG. 14B, no over-
grown grains protrude from the surface of the coating.

TEM/EDS line scans are depicted in FIG. 15A and FIG.
15B. The line scan 1s depicted 1n FIG. 15A. The TEM/EDS
line scan shows an Al substrate 1502 covered by a coating
1504, which 1s 1n turn covered by a FIB cap layer 1506. The
composition demonstrated three zirconium peaks between
about 250-350 nm, between about 500-600 nm, and between
about 750-850 nm (1.e., 1 the locations of the interruption
layers).
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FIG. 15B depicts a TEM 1mage which shows the three
interruption layers 1505, 1510, 1515 i1dentified 1n the line
scan (each shown as a zirconmium peak) and further demon-
strates the conformal, uniform, and porosity free coating
obtained through atomic layer deposition.

All iterruption layers discussed and exemplified herein
only 1nhibit uncontrolled grain growth of the grains in the
crystalline rare-carth oxide layers. The interruption layers do
not affect the crystalline phase of the rare-earth oxide layers.

XRD data presented herein was acquired by grazing
incidence XRD (GIXRD) on a PANalytical X’ Pert Pro MRD
6-axis diflractometer equipped with a copper X-ray tube and
parallel beam optics.

TEM samples were prepared using the in situ Focused Ion
Beam (FIB) lift out technique on an FEI Helios 650 Dual
Beam FIB/SEM. The samples were capped with sputtered
Irdium (Ir), protective carbon ink, and e-Pt/I—Pt prior to
milling. The TEM lamella thickness was ~100 nm.

TEM samples were 1imaged with a FEI Tecnai TF-20
FEG/TEM operated at 200 kV in bnight-field (BF) TEM
mode, high-resolution (HR) TEM mode.

Z-contrast STEM 1s a form of Rutherford Scattering in
which electrons are scattered to very large angles and are
collected with a special detector. The scattering goes as 72
and the resulting 1image can be directly interpreted as quali-
tative chemical map. The image contrast 1s due to differ-
ences 1n the average atomic mass; with heavier atomic
masses appearing brighter than lighter average atomic
masses. There 1s typically very little diflraction contrast in
these 1mages. These 1mages are sometimes referred to as
High Angle Annular Dark Field images (HAADF). “Z
Contrast” can show atomic columns 1n the highest resolution
1mages.

The preceding description sets forth numerous specific
details such as examples of specific systems, components,
methods, and so forth, 1n order to provide a good under-
standing of several embodiments of the present invention. It
will be apparent to one skilled 1n the art, however, that at
least some embodiments of the present invention may be
practiced without these specific details. In other instances,
well-known components or methods are not described in
detail or are presented 1n simple block diagram format 1n
order to avoid unnecessarily obscuring the present inven-
tion. Thus, the specific details set forth are merely exem-
plary. Particular embodiments may vary from these exem-
plary details and still be contemplated to be within the scope
of the present invention.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described 1n connection with the
embodiment 1s included 1n at least one embodiment. Thus,
the appearances of the phrase “in one embodiment™ or “in an
embodiment” in various places throughout this specification
are not necessarily all referring to the same embodiment. In
addition, the term ““or’ 1s intended to mean an inclusive “or”
rather than an exclusive “or.”

Reference throughout this specification to numerical
ranges should not be construed as limiting and should be
understood as encompassing the outer limits of the range as
well as each number and/or narrower range within the
enumerated numerical range.

Although the operations of the methods herein are shown
and described 1n a particular order, the order of the opera-
tions of each method may be altered so that certain opera-
tions may be performed 1n an mverse order or so that certain
operation may be performed, at least in part, concurrently
with other operations. In another embodiment, nstructions
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or sub-operations of distinct operations may be in an inter-
mittent and/or alternating manner.

It 1s to be understood that the above description 1s
intended to be 1illustrative, and not restrictive. Many other
embodiments will be apparent to those of skill in the art
upon reading and understanding the above description. The
scope of the invention should, therefore, be determined with
reference to the appended claims, along with the full scope
of equivalents to which such claims are entitled.

What 1s claimed 1s:

1. A method comprising:

depositing a plasma resistant protective coating compris-

ing a plurality of crystalline rare-earth oxide layers and
a plurality of crystalline or amorphous metal oxide
layers onto a surface of an article using an atomic layer
deposition (ALD) process or a chemical vapor deposi-
tion (CVD) process, wherein depositing the plasma
resistant protective coating comprises alternately
depositing:

a crystalline rare-earth oxide layer of the plurality of
crystalline rare-earth oxide layers using ALD or
CVD: and

a crystalline or amorphous metal oxide layer of the
plurality of crystalline or amorphous metal oxide
layers using ALD or CVD;

wherein when the plurality of metal oxide layers are

crystalline, the plurality of metal oxide layers have an

atomic crystalline phase different from an atomic crys-
talline phase of the plurality of crystalline rare-earth
oxide layers;

wherein the plurality of crystalline or amorphous metal

oxide layers are interrupt layers that inhibit grain

growth of the plurality of crystalline rare-earth oxide
layers such that all grains in the plurality of crystalline
rare-carth oxide layers have a grain size that 1s below

100 nm 1n length and that i1s below 200 nm 1n width;

and

wherein a thickness ratio of thickness of the crystalline

rare-carth oxide layer to thickness of the crystalline or

amorphous metal oxide layer 1s about 10:1 to about

500:1 such that the thickness of the crystalline or

amorphous metal oxide layer 1s lower than the thick-
ness of the crystalline rare-earth oxide layer.

2. The method of claim 1, wherein the crystalline rare-
carth oxide layer comprises yttrium oxide 1n a cubic phase,
wherein depositing the crystalline rare-earth oxide layer
using ALD comprises preforming a deposition cycle com-
prising:

injecting a yttrium-containing precursor into a deposition

chamber containing the article to cause the yttrium-

containing precursor to adsorb onto the surface of the
article to form a first half reaction; and

injecting an oxygen-containing reactant ito the deposi-

tion chamber to form a second half reaction; and

repeating the deposition cycle one or more times until a

target thickness 1s achieved for the crystalline rare-

carth oxide layer.

3. The method of claim 2, wherein depositing the crys-
talline or amorphous metal oxide layer using ALD com-
prises preforming a deposition cycle comprising:

injecting a metal-containing precursor into a deposition

chamber containing the article to cause the metal-

containing precursor to adsorb onto the crystalline

rare-earth oxide layer to form a first half reaction; and
injecting an oxygen-containing reactant into the deposi-

tion chamber to form a second half reaction; and
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repeating the deposition cycle one or more times until a
target thickness 1s achieved for the crystalline or amor-
phous metal oxide layer.

4. The method of claim 1, wherein the atomic crystalline
phase different from the atomic crystalline phase of the
crystalline rare-earth oxide 1s selected from the group con-
sisting of hexagonal phase, monoclinic phase, cubic phase,
hexagonal phase, tetragonal phase, and combinations
thereof.

5. The method of claim 1, wherein the metal oxide layer
1s crystalline and 1s selected from the group consisting of:
a composition ranging from a pure crystalline single
phase zirconia 1n at least one of a tetragonal phase or a
monoclinic phase to a crystalline multiphase or a
crystalline single phase yttrium zirconium oxide with
an atomic percentage of zirconium of about 5%, based

on total atoms in the composition;

a mixture of about 65 wt % of zircontum oxide 1n a
tetragonal phase and about 35 wt % of zirconium oxide
in a monoclinic phase;

about 100 wt % multi-elemental oxide of zirconium
yttrium oxide in a tetragonal phase;

a mixture of about 70 wt % of a multi-elemental oxide of
Zirconium yttrium oxide 1n a first cubic phase and about
30 wt % of yttrium oxide 1n a second cubic phase,
wherein the first cubic phase and the second cubic
phase have a lattice structure that 1s different from the
lattice structure of the crystalline rare-earth oxide layer;
and

a mixture of about 30 wt % of a multi-elemental oxide of
zirconmium vyitrium oxide in the first cubic phase and
about 70 wt % of yttrium oxide 1n the second cubic
phase.

6. The method of claim 1, wherein the crystalline or
amorphous metal oxide layer 1s selected from the group
consisting of one or more rare ecarth metal-containing
oxides, zirconium oxide, aluminum oxide, and mixtures
thereof.

7. The method of claim 6, wherein the one or more rare
carth metal-containing oxides are selected from the group
consisting of lanthanum oxide, prasecodymium oxide, neo-
dymium oxide, samarium oxide, europium oxide, gado-
lintum oxide, terbium oxide, dysprosium oxide, holmium
oxide, erbium oxide, thulium oxide, ytterbium oxide, and
mixtures thereof.

8. The method of claim 6, wherein the crystalline or
amorphous metal oxide layer comprises a multi-elemental
oxide or a mixture of a first metal oxide and a second metal
oxide, and wherein depositing the crystalline or amorphous
metal oxide layer comprises performing a super deposition
cycle comprising:

a first deposition cycle comprising:

injecting a first metal-containing precursor into a depo-
sition chamber containing the article coated with the
crystalline rare-earth oxide layer to cause the first
metal-containing precursor to adsorb onto the crys-
talline rare-earth oxide layer to form a first half
reaction;

injecting an oxygen-containing reactant into the depo-
sition chamber to form a second half reaction;

repeating the first deposition cycle one or more times
until a first target thickness 1s achueved and a first
layer 1s formed; and

a second deposition cycle comprising:
injecting a second metal-containing precursor mnto a

deposition chamber containing an article coated with

10

15

20

25

30

35

40

45

50

55

60

65

30

the first layer to cause the second metal-containing,
precursor to adsorb onto the first layer to form a third
half reaction;

injecting an oxygen-containing reactant into the depo-
sition chamber to form a fourth halfl reaction;

repeating the second deposition cycle one or more
times until a second target thickness 1s achieved and
a second layer 1s formed; and

repeating the super deposition cycle one or more times

until a final target thickness 11 achieved.
9. The method of claim 8, wheremn the crystalline or
amorphous metal oxide layer further comprises a third metal
oxide, and wherein the super deposition cycle further com-
prises a third deposition cycle comprising:
injecting a third metal-containing precursor ito a depo-
sition chamber containing an article coated with the
second layer to cause the third metal-containing pre-
cursor to adsorb onto the second layer to form a fifth
half reaction;
injecting an oxygen-containing reactant ito the deposi-
tion chamber to form a sixth half reaction; and

repeating the third deposition cycle one or more times
until a third target thickness 1s achieved and a third
layer 1s formed.

10. The method of claim 8, wherein the final target
thickness of the plasma resistant protective coating 1s about
500 nm to about 10 um, and wherein the plasma resistant
protective coating 1s uniform, conformal, and porosity-iree.

11. The method of claim 6, wherein the crystalline or
amorphous metal oxide layer comprises a multi-elemental
oxide or a mixture of a first metal oxide and a second metal
oxide, and wherein depositing the crystalline or amorphous
metal oxide layer comprises performing a deposition cycle
comprising;

co-injecting a mixture of a first metal-containing precur-

sor and a second metal-containing precursor or sequen-
tially 1injecting a first metal-containing precursor and a
second metal-containing precursor mmto a deposition
chamber containing the article coated with the crystal-
line rare-carth oxide layer to cause the first metal-
containing precursor and the second metal-containing,
precursor to adsorb onto the crystalline rare-earth oxide
layer to form a first half reaction;

injecting an oxygen-containing reactant into the deposi-

tion chamber to form a second half reaction; and

repeating the deposition cycle one or more times until a

target thickness 1s achieved.

12. A method comprising depositing a plasma resistant
protective coating onto a surface of an article using an
atomic layer deposition (ALD) process or a chemical vapor
deposition (CVD) process, comprising:

depositing a stack of alternating layers of crystalline

yttrium oxide layers and crystalline or amorphous
metal oxide layers using the ALD process or the CVD
process,

wherein the crystalline yttrium oxide layers have a cubic

phase,

wherein when the metal oxide layers are crystalline, the

metal oxide layers have an atomic crystalline phase
different from the cubic phase of the crystalline yttrium
oxide layers,

wherein a first layer 1n the stack of alternating layers is a

crystalline yttrium oxide layer,

wherein the crystalline or amorphous metal oxide layers

are terrupt layers that inhibit grain growth in the
crystalline yttrium oxide layers such that all grains 1n
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the crystalline yttrium oxide layers have a grain size
that 1s below 100 nm 1n length and that 1s below 200 nm

in width, and

wherein a thickness ratio of the thickness of the crystal-
line yttrium oxide layers to the thickness of the crys- 5

talline or amorp.

hous metal oxide layers 1s about 10:1 to

about 500:1 suc

1 that the thickness of the crystalline or

amorphous metal oxide layers 1s lower than the thick-
ness of the crystalline yttrium oxide layers.

13. The method of claim 1, wherein the plurality of 10
crystalline or amorphous metal oxide layers are a plurality of
crystalline metal oxide layers.

14. The method of claim 1, wherein the plurality of
crystalline or amorphous metal oxide layers are a plurality of
amorphous layers comprising aluminum oxide. 15

15. The method of claim 1, wherein the plurality of

crystalline rare-earth

oxide layers comprise a {irst rare earth

oxide, and wherein the plurality of crystalline or amorphous
metal oxide layers comprise a second rare earth oxide that 1s

different from the first rare earth oxide. 20
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